■  '  . '  'V  .  ad: - 

Award  Nxiniber;  DAMD17-98-1-8614 

\  .  . 

TITLE:  Mechanisms  of  Virus-Induced  Neural  Cell  Death 


PRINCIPAL  INVESTIGATOR:.  Kenneth  L.  Tyler,  M.D. 


CONTRACTING  ORGANIZATION:  University  of  Colorado  Health  Sciences 

Center 

Denver,  Colorado  80262 


REPORT  DATE:  September  2003 


TYPE  OP  REPORT:  Annual 


PREPARED  FOR:  U.S.  Amy  Medical  Research  and  Materiel  Command 

Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Ainny  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


20040121  075 


REPORT  DOCUMENTATION  PAQE 


Form  Approved 
0MB  No.  074-0188 


■  -  -  r  • -  i. _ wfirfw  /vw.  \/f  •f*v#00 

1.  AGENCY ONLY  2.  REPORT  DATE  •  I  3.  REPOHT  TYPE  AND  DATES  COVERED 

{leave blaifkj  September  2003  j  Annual  (15  Aug  2002  -  14  Aug  2003) 

4,  TITLE  AND  SUBTITLE  "  “  I  5.  FUNDING  NUMBERS 


k^ReducHon  Prelect  (0704-01  SB).  Washington,  DC  20503 

2.  REPORT  DATE 
September  2003 


Mechanisms  of  Virus- Induced  Neural  Cell  Death 


DAMD17-98-1-8614 


6.  AUTHORfS) 

Kenneth  L.  Tyler,  M.D. 


7.  PERFORMING  ORGANIZATION NAMEIS)  AND  ADDRESS(ES) 
University  of  Cblbrado  Health  Sciences  Center 
Denver,  Colorado  80262 


■8.  KRFORMING  ORGANIZATION 
REPORTNUMBER 


E-MaE:  hen  •  tyler@uchsc .  edu 


9.  SPONSORING  /  MONITORING 

AGENCY  NAMEIS)  AND  ADDRESSIESI 

U.S.  Antty  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


10.  SPONSORING  /  MONITORING 
AGENCY  REPORT  NUMBER 


11.  SUPPLEMENTARY  NOTES  - - 

Original  contains  color  plates:  All  DTIC  reproductions  will  be  in  black  and  white. 


12a.  DISTRIBUTION /AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  Unlimited 


12b.  DISTRIBUTION  CODE 


13.  ABSTRACT  (Maximum  200  Words)  ^  ^ ^ ^ - 

We  are  using  experimental  infection  with  reoviruses  to  study  how  viruses  induce  cell  death 
(apoptosis),  and  the ‘significance  of  apoptosis  in  the  pathogenesis  of  viral  infection.  We 
have  developed  one  of  the  best-characterized  experimental  models  for  investigating  and 
manipulating  viral  cell  death  pathways.  We  have  shown  that  apoptosis  is  a  mhjor  mechanism 
of  rsovirus- induced  ce^  death  in  murine  models  of  key  human  viral  infections  including 
myocarditis  and  encephalitis.  We  have  shown  that  apoptosis  is  a  major  mechanism  of 
reovirus-induced  cell  death  in  murine  models  of  key,  human  viral  infections  including 
myocarditis  and  encephalitis.  We  have  shown  that  inhibiting  apoptosis  can  reduce  the 
degree  of  virus-induced  histological  injury  in  target  organs  and  prolong  the  survival  of 
infected  animals .  In  virus -infected  cells,  apoptosis  is  initiated  by  activation  of  death 
receptors,  apd  that  its  full  expression  requires  augmentation  by  mitochondrial  pro- 
apoptotic  factors  including  Smac/Diablo.  We  have  identified  the  pro-apoptotic  Bcl-2  family 
protein  Bid,  as  a  key  intermediary  between  death  receptor  and  mitochondrial  apoptotic 
pathways,  and  are  currently  investigated  the  role  of  other  Bcl-2  family  proteins  including 
Bid  and  Bax .  We  have  also  shown  that  reovirus  infection  induces  a  two  phase  regulation  of 
the  nuclear  transcription  factor  NF-xB,  with  initial  activation  followed  by  subsequent 
inhibition  and  are  currently  utilizing  oligonucleotide  microarrays  to  study  virus-induced 
alterations  in  gene  expression  and  the  transcription  factors  that  recmlate  this  process. 

14.  SUBJECT  TERMS  ~  ^  I  IS.  NUMBER  OF  PAGES 

Apoptosis,  Caspases,  Reovirus,  Encephalitis,  Neurons,  NF-kB,  JNK  143 

16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION  20.  LIMITATION  OFABSTrA^ 
OF  REPORT  OF  THIS  PAGE  OF  ABSTRACT 

Unclassified  |  Unclagsified  _ Unclassified _  Unlimited 

NSN  7540-01  r280"5500  Standard  Form  298  (Rev.  2-89) 

PrascrlbQd'by  ANSI  Std.  Z39-18 
298-102 


Table  of  Contents 


Cover . . . 1 

SF  298 . 2 

Table  of  Contents . 3 

Introduction . 4 

Body . 5 

Key  Research  Accomplishments . .14 

Reportable  Outcomes . 16 

Conclusions . 19 

References...; . . . 

Appendices..... . . . 21 


INTRODUCTION  (Subject,  Purpose,  Scope  of  the  Research) 

The  signs  and  symptoms,  of  viral  infection  result  from  the  capacity  of  viruses  to  damage  or 
kill  cells  in  different  organs.  T'wo  distinct  patterns  of  cell  death,  necrosis  and  apoptosis  can  be 
distinguished  based  on  a  variety  of  biochemical  and  moiphological  criteria.  Apoptotic  cell  death  is 
characterized  by  diminution  in  cell  size,  membrane  blebbing,  and  compaction,  margination  and 
fragmentation  of  nuclear  DNA.  We  have  recently  shown,  in  work  supported  by  this  grant,  that 
apoptosis  is  a  key  mechanism  by  which  virases  injure  the  central  nervous  systerri  in  a  variety  of 
important  human  infections  including  herpes  simplex  encephalitis,  cytomegalovirus  encephalitis, 
and  progressive  multifocal  leukoencephalopathy  (see  reportable  outcomes  #6,7). 

Most  apoptotic  processes  are  triggered  by  the  activation  of  caspases,  a  family  of  cellular 
cysteinyl  proteases  that  can  be  hierarchically  ordered  into  initiator  and  effector  enzymes.  Following 

f  , 

proteolytic  activation  by  initiator  caspases,  effector  caspases  act  on  a  variety  of  cellular  substrates  to 
induce  the  morphological  changes  characteristic  of  apoptosis.  Individual  initiator  caspases  are 
associated  with  different  cellular  organelles  involved  in  specific  cell  death  pathways.  In  the  extrinsic 
pathway,  apoptosis  is  mediated  by  the  binding  of  apoptosis  inducing  ligands  such  as  TRAIL,  TNF, 
or  FasL  to  their  cognate  cell  surface  “death  receptors”.  This  binding  leads  to  formation  of  a  death- 
inducing  signal  complex  (DISC)  that  activates  caspase  8,  the  death-receptor  associated  initiator 
caspase.  Death  signals  initiated  at  the  mitochondrion  result  in  the  release  of  a  variety  of  pro- 
apoptotic  factors  including  cytochrome  c,  Smac/DIABLO  (Second  mtochondrial  activator  of 
caspases),  and  ABF  (apoptosis  inducing  factor).  Although  the  actions  of  mitochondrial  pro-apoptotic 
factors  are  diverse,  two  important  pathways  include  apoptosome-mediated  activation  of  the  initiator 
caspase  9  triggered  by  cytosolic  release  of  cytochrome  c,  and  augmentation  of  caspase  activity  by 
the  inliibition  of  cellular  inhibitor  of  apoptosis  proteins  (lAPs)  mediated  by  their  binding  to  _ 
Smac/DIABLO.  The  subject  and  purpose  of  this  research  project  is  to  study  the  mechanisms  by 
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which  viruses  induce  apoptotic  cell  death  in  cell  culture  and  animal  models  of  virus-infection,  and  in 
human  CNS  tissues. 

PROGRESS  REPORT 

This  is  the  fifth  annual  progress  report  on  this  research  project.  Twelve  papers  have  been 
published  in  the  7/1/2002-2003  reporting  period  (see  Reportable  Outcomes).  Reprints  of  all 
published  papers  have  been  included  as  an  appendix.  Research  funded  by  this  grant  has  been 
presented  at  national  and  international  scientific  meetings  including  the  22"*^  Annual  Meetings  of  the 
American  Society  for  Virology,  and  the  5*  meeting  of  the  Ihtemational  Society  for  Neuro  virology 
(see  Reportable  Outcomes).  In  accordance  with  the  technical  reporting  requirements  for  this  grant, 
we  have  substituted  journal  pubhcations  for  detailed  descriptions  of  specific  aspects  of  the  research. 
However,  to  facilitate  review  of  this  rqjort,  we  have  also  briefly  svunm^zed  the  key  research 
findings  in  these  papers  in  the  text.  Reference  numbers  in  text  refer  to  papers  listed  in  Reportable 
Outcomes.  Accomplishihents  are  reviewed  below  and  keyed  to  the  specific 
aims/statement  of  work  (SOW)  as  outlined  in  the  original  research  application  and  subsequent 
expansions. 

Original  SOW  1:  Is  apoptosis  a  general  featnre  of  human  viral  encephalitis? 

Papers  describing  work  conducted  under  this  part  of  the  SOW  have  been  published  in 
Archives  of Neurology  (ref  6)  and  Journal  of  Infectious  Diseases  (ref  7).  We  initially  selected 
herpes  simplex  virus  (HSV)  and  cytomegalovirus  (CMV)  encephalitis  (7)  to  study,  as  HS  V 
encephalitis  represents  the  most  common -cause  of  severe  sporadic  focal  encephalitis  in  the  U.S.,  and 
CMV  encephalitis  is  the  most  common  congenital  neurological  infection  in  humans.  Specimens 
from  ten  immunocompetent  patients  with  HSV  encephalitis  and  three  immunocompetent  infants 


with  congenital  CMV  encephalitis  were  examined  for  viral  antigen  distribution,  pathology,  and 
evidence  of  apoptosis  as  indicated  by  positive  staining  for  the  activated  form  of  caspase  3,  or 
terminal  dUTP  nick  end  labeling  (TUNEL).  We  foimd  evidence  of  apoptosis  in  6/7  brain  specimens 
from  patients  who  had  died  of  acute  HSV  encephalitis,  and  in  0/3  samples  from  patients  who  had 
died  of  other  causes  following  a  remote  history  of  HSV  encephalitis.  We  also  found  apoptosis  in  a 
child  who  had  died  of  acute  CMV  infection  but  not  in  patients  who  had  a  remote  history  of  infection. 
In  order  to  determine  if  apoptosis  was  occurring  in  infected  cells,  sections  from  HSV-infected  brains 
were  double-labeled  for  viral  antigen  and  activated  caspase  3  (apoptosis  marker).  Apoptotic  cells 
were  found  to  include  both  infected  (antigen  positive) 

neurons  and  glial,  as  well  as  uninfected  cells  in  close  proximity  to  infected  cells  (’Tjystander 
apoptosis”).  In  the  case  of  CMV  infection  the  majority  of  apoptotic  cells  were  neurons  that  contained 
viral  antigen.  Comparing  HSV  and  CMV  infection  it  appeared  that  bystmder  apoptosis  was  more 
sigmficant  in  HSV  infection,  and  only  rarely  seen  in  CMV  infection.  There  was  no  correlation 
between  the  degree  of  inflammatory  response  in  tissue  specimens,  as  identified  by  CD3+  cells,  and 
apoptosis.  We  subsequently  expanded  our  studies  to  examine  apoptosis  m  brain  tissue  from  patients 
with  progressive  multifocal  leukoencephalopathy  (PML)(6).  PML  has.become  one  of  the  most 
important  opportunistic  viral  CNS  infections,  due  largely  to  its  prevalence  in  patients  with  AIDS. 

We  found  that  apoptosis  occurred  almost  exclusively  in  JC  virus-infected  oligodendrocytes  at  the 
periphery  of  demyelinating  lesions  in  PML.  Apoptosis  was  not  detected  in  the  ‘bizarre’  astrocytes 
that  are  charactaistic  of  PML,  nor  in  neurons.  This  result  is  consistent  with  the  fact  that  JCV 
infection  in  astrocytes  is  abortive  (non-productive)  and  that  the  virus  fails  to  infect  neurons.  These 
studies  (6,7)  represent  the  first  demonstration  that  apoptosis  occurs  in  the  CNS  in  these  key  human 
viral  encephalitides,  and  the  first  demonstration  that  apoptosis  is  an  important  mechanism  of  CNS 
injury  in  viral  infections  other  than  HIV. 
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As  part  of  our  studies  characterizing  apoptosis  in  human  CMS  viral  infections,  we  have 
performed  extensive  analysis  of  brain  material  and  CSF  specimens  of  patients  with  acute  viral 
encephalitis.  Our  experience  obtaining  and  characterizing  this  material  lead  to  additional 
publications  in  the  Annals  of  Neurology  (8)  describing  the  use  of  quantitative  PCR  to  characterize 
Epstein-Barr  virus  infections  of  the  CNS,  and  in  Journal  of  Clinical  Virology  (12)  describing  the 
use  of  PCR  in  die  diagnosis  of  herpesvirus  infections  of  the  CNS.  We  measured  EBV  DNA  by 
quantitative  PCR  and  EBV  mRNA  by  RT-PCR  in  28  patients  with  EBV-associated  CNS  infections. 
We  found  that  patients  with  EBV-associated  CNS  lymphomas  (n=14)  had  high  EBV  DNA  copy 
numbers  but  relatively  modest  CSF  cell  counts.  By  contrast  patients  with  EBV  encephalitis  (n=10) 
had  both  hi^  EBV  DNA  copy  number  and  a  prominent  CSF  pleocytosis.  Lytic  cycle  EBV  mRNA,  a 
marker  of  EBV  replication,  was  found  in  both  patients  with  EBV-associated  CNS  lymphoma  and 
acute  encephalitis. 

Expanded  SOW  Aim  1.1 :  Cellular  apoptotic  pathways  activated  in  human  viral 
apoptosis.  , 

As  noted  above,  we  have  shown  that  activated  caspase  3  can  be  detected  in  areas  of  apoptosis 
in  brain  tissues  from  patients  with  CMV  and  HSV  encephalitis,  and  correlated  theses  results  with  - 
detection  of  apoptosis' by  TUNEL  and  the  presence  of  inflammatory  cells  (u^ing  CDS  as  a  marker) 
(6,7). 

'  Expanded  SOW  Aim  1.2:  Examine  apoptotic  pathways  and  the  effects  of  inhibiting 
apoptosis  in  a  murine  encephalitis  model. 

In  previously  reported  work  supported  by  this  grant  we  have  shown  that  apoptosis  occurs  in 
both  the  CNS  and  heart  in  murine  models  of  reovims-induced  apoptosis.  These  studies  formed  the 
basis  for  this  expansion  of  the  original  SOW.  In  a  paper  published  in  flhe  Journal  of  Neurovirology 
(9)  we  have  now  extended  our  studies  of  CNS  apoptosis  to  show  that  we  can  detect  activated  caspase 
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3  in  apoptotic  cells  in  the  murine  CNTS,  and  have  used  co-labeling  to  correlate  infected  (antigen 
positive)  and  apoptotic  cells,  and  to  identify  the  predominant  apoptotic  cell  type  as  neurons  (9).  We 
have  also  shown  that  caspase  3  is  infected  in  the  brains  of  reovirus-infected  mice  (9).  We  have  now 
performed  experiments  testing  the  capacity  of  two  p^-caspase  inhibitors  (ZVAD-fink  and  OPH) 
and  of  minocycline  to  inhibit  apoptosis  and  protect  mice  against  lethal  intracerebral  challenge  with 
reovims.  Studies  are  also  currently  underway  in  caspase  3  knockout  mice  (courtesy  of  Richard 
Flavell,  Yale  University).  Preliminary  studies  indicate  that  all  these  caspase  inhibitors  decrease  the 
number  of  apoptotic  cells  in  the  CNS,  reduce  the  extent  of  histopathological  injury,  and  prolong 
survival  after  viral  challenge.  A  manuscript  describing  these  results  is  in  preparation,  and  aspects  of 
this  work  were  recently  presented  at  the  5*  Meeting  of  the  hitemational  Society  of  Neuro  virology 
(see  Reportable  Outcomes). 

Expanded  SOW  Aim  1.3:  Examine  changes  in  gene  expression  in  a  murine  model  of 
CNS  encephalitis  in  which  apoptotic  injury  is  critical  to  pathogenesis.  In  work  supported  by  this 
grant,  we  have  used  large-scale  oligonucleotide  arrays  (Asymetrix  GeneChips)  to  examine  changes 
in  the  expression  of  mRNAs  for  cell  cycle  regulatory  genes  following  reovirus-infected  HEK  cells. 
In  an  effort  to  set  the  stage  for  in  vivo  studies,  we  examined  reovirus-induced  changes  in  genes 
involved  in  regulation  of  apoptosis  and  DNA  damage  and  repair  in  infected  cells  in  culture.  During 
the  cmrent  reporting  period  we  published  a  paper  in  the  Journal  of  Virology  describing  reovims- 
induced  alterations  in  expression  of  apoptosis  and  DNA  repair  genes  (1).  For  these  studies  cells  were 
infected  with  the  apoptosis-inducing  reovims  type  3  Abney  (T3A)  strain  and  with  a  non-apoptosis 
inducing  reovims  strain  (reovims  type  1  Lang,  TIL).  Gene  expression  was  analyzed  using 
Affymetrix  U95A  chips  containing  features  representing  >12,000  human  genes.  We  foimd  that 
expression  of  24  genes  involved  in  regulation  of  apoptosis  was  significantly  altered  (>  2-fold),  with 
22  being  up-regulated  and  two  down-regulated,  in  T3A  compared  to  mock  infected  cells.  Of  this  set 
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of  22  genes  only  5  were  also  differentially  expressed  in  TIL  infected  as  compared  to  mock-infected 
cells.  The  involved  genes  included  ten  genes  involved  in  mitochondrial  apoptotic  signaling,  three  in 
ER  stress  signaling,  four  in  death  receptor  signaling,  four  apoptotic  proteases,  and  three  other  genes. 
In  addition  to  inducing  many  genes  involved  in  regulation  of  apoptosis,  these  studies  also  indicated 
that  viral  infection  altered  expression  of  14  genes  involved  in  repair  of  DNA  damage,  thirteen  of 
which  were  down  regulated  by  the  apoptosis  inducing  T3A  strain.  Infection  with  the  non-apoptosis 
inducing  TIL  strain  did  not  alter  expression  of  any  DNA  repair  genes. 

In  an  effort  to  validate  the  oligonucleotide  array  data,  levels  of  expression  of  selected  genes 
was  also  analyzed  by  RT-PCR  We  found  an  excellent  correlation  between  microarray  and  PCR 
data  for  the  twelve  games  tested.  Finally,  we  also  investigated  expression  of  protein  in  infected  mice 
of  SMN  (survival  motor  neuron),  the  protein  product  of  a  gene  whose  expression  was  shown  to  be 
up  regulated  in  both  genechip  and  RT-PCR  studies.  We  found  that,  as  would  be  predicted  by  the 
mRNA  expression  studies,  that  levels  of  SMN  were  significantly  up-regulated  in  reovirus  infected 
mice  by  day  7-8  post-infection  compared.to  uninfected  controls  and  infected  mice  early  following 
infection  (days  3-5).  ' 

Original  SOW  2.0:  Is  the  ceramide/sphingomyelin  pathway  involved  in  reovirus- 
induced  apoptosis?  This  aim  was  previously  revised  and  expanded  based  on  work  accomplished  to 
more  broadly  identify  cellular  pathways  involved  in  reovirus-induced  apoptosis. 

Expanded  SOW  2.1, 2.2,  &  2.3:  Identify  cellular  pathways  leading  to  the  activation  of 
NF-DB  and  JNK/c-JUN  in  reovirus-infected  cells,  and  the  genes  regulated  by  these 
transcription  factors. 

We  have  previously  shown  m  work  supported  by  this  grant  that  reovirus  infection  is 
associated  widi  the  activation  of  NF-kB  and  that  infection  also  leads  to  the  selective  activation  of 
mitogen  activated  protein  kinase  pathways  including  both  the  ERK  and  JNK  pathways.  In  a  paper 
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published  during  the  current  rq)orting  period  in  the  Journal  of  Biological  Chemistry  (4),  we  have 
now  shown  that  after  initially  activating  NF-kB,  reovirus  infection  subsequently  induces  an 
inhibition  of  NF-kB  activation.  During  this  second  phase,  reovirus  infection  can  also  be  shown  to 
block  NF-kB  activation  induced  by  both  TNF  and  etoposide.  The  canonical  pathway  for  NF-kB 
activation  involves  the  phosphorylation,  ubiquitination,  and  subsequent  degradation  of  IkB,  the 
cytosolic  inhibitor  of  NF-idB.  Reovirus-induced  inhibition  of  NF-kB  activation  requires  viral 
replication,  and  involves  virus-induced  inhibition  of  IkB  degradation  through  as  yet  unidentified 
mechanisms.  We  have  hypothesized  that  the  initial  phase  of  reovirus-induced  early  NF-kB 
activation  is  required  for  the  expression  of  pro-apoptotic  NF-kB  dependent  genes  and  the  subsequent 
inhibition  prevents  later  expression  of  anti-apoptotic  NF-kB  dependent  genes. 

In  a  paper  published  during  the  current  reporting  period  in  the  EMBO  Journal  (2)  we  have 
extended  our  previously  characterization  of  the  role.of  MEKKl,  a  MAPK  kinase  kinase  (MAP3K) 
upstream  of  INK  in  apoptosis-related  processes.  We  have  previously  shown,  in  work  supported  by 
this  grant,  that  reovirus  infection  is  associated  with  MEKKl  activation,  and  that  inhibition  of  this 
activation  dramatically  inhibits  reovims-induced  INK  activation.  In  this  paper,  we  now  show  that 
MEKKl  is  required  for  activation  of  calpain,  a  cysteine  protease  that  we  have  previously  shown,  in 
work  also  supported  by  this  grant,  is  activated  following  reovirus  infection  in  cell  culture  and  in 
vivo.  We  have  also  shown  that  inhibition  of  calpain  activation  results  in  inhibition  of  reovirus- 
induced  apoptosis  both  in  cultured  cells,  and  in  a  murine  model  of  reovirus-induced  myocarditis  in 
vivo. 

In  collaboration  with  Dr.  Gary  Johnson  (Chair,  Department  of  Pharmacology,  University  of 
North  Carolina,  previously  at  the  UCHSC  Department  of  Pharmacology)  and  Dr.  Imran  Shah  in  the 
Bioinformatics  Group  of  the  Gene  Expression  Core  Facility  at  UCHSC,  we  have  identified  patterns 
of  transcriptional  regulation  that  provide  an  explanation  for  the  specific  sets  of  genes  activated 
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following  reovims  infection.  A  manuscript  describing  these  results  is  in  preparation.  We  initiated 
these  studies  by  (a)  identifying  all  genes  up-regulated  following  reovirus  infection  in  HEK  cells 
(done,  see  prior  reports  and  current  report  reference  1),  (b)  using  GenBank  (www.ncbi.nlm.nih.  govl 
and  other  sources  to  obtain  -1000  kb  of  nucleotide  sequence  upstream  of  the  initial  start  codon  of 
these  reovirus-regulated  genes  (done),  (c)  using  TRANSFAC  (http://transfac.gbf  de/TRANSFAQ  a 
transcription  factor  database,  and  TRANSPATH  (http://193. 175.244.148/1  a  signal  transduction 
pathway  database  and  other  databases  containing  information  about  promoter  binding  sequences  to 
identify  the  pattern  and  order  of  transcription  factor  binding  sites  in  genes  up-regulated  following 
reovirus  infection  compared  to  non-altered  control  genes  (in  progress).  We  have  found  that  there  are 
several  unique  clusters  of  transcription  factor  binding  regions  (“modules”)  in  genes  whose 
expressioii  is  altered  in  reovirus  infected  cells,  as  compared  to  genes  whose  expression  is  not  altered 
in  infected  cells,  and  to  genes  randomly  represented  on  the  test  chips.  These  results  are  consistent 
with  a  model  in  which  reovirus  infection  induces  the  expression  of  a  specific  limited  set  of 
transcription  factors,  and  that  this  set  in  turn  induces  the  expression  of  a  limited  numb.CT  of  host  cell 
genes  containing  appropriate  modules  of  binding  sites  for  these  transcription  factors.  Based  on  this 
analysis  we  have  also  predicted  that  reovirus  infection  might  be  associated  with  activation  of  the 
tr^scription  factor  SREBP,  a  prediction  we  have  now  confirmed  in  infected  cells. 

Expanded  SOW  2.4:  Identify  the  role  of  the  mitochondrion  in  reovirus-induced 
apoptosis.  In  two  papers  published  during  the  current  reporting  period  in  the  Journal  of  Virology 
(10)  znd.Cell  Death  and  Differentiation  (ll)  we  have  shown  that  reovirus  infection  in  HEK  cells  is 
associated  with  release  of  the  mitochondrial  pro-apoptotic  factors  cytochrome  c  and  Smac/DIABLO, 
but  not  of  AIF-  Cytochrome  c  forms  part  of  the  apoptosome  involved  in  activation  of  the 
mitochondrial-related  initiator  caspase,  caspase  9.  We  have  also  shown  that  caspase  9  is  activated 
following  reovirus  infection  (11).  Reovirus  infection  is  also  associated  with  the  release  of 


Smac/DIABLO  {10).  This  protein  facilitates  apoptosis  by  binding  to  cellular  inhibitor  of  apoptosis 
(lAP)  proteins  that  act  to  inhibit  caspase  activation,  Binding  of  Smac/DIABLO  to  lAPs  prevents 
their  inhibition  of  caspase  activity,  thereby  augmenting  apoptosis.  We  have  shown  that,  consistent 
with  the  release  of  Smac/DIABLO,  reoviras  infection  is  associated  with  a  selective  down-regulation 
of  specific  cellular  lAPs  including  XIAP,  cIAPl,  and  survivin  (10),  We  have  also  shown,  using  cells 
expressing  a  dominant  negative  form  of  caspase  9,  that  is  likely  Smac/DIABLO  release  rather  than 
caspase  9  activation,  that  plays  the  critical  role  in  augmenting  reoviras-induced  apoptosis. 

Expanded  SOW  2.5:  Identify  the  mechanism  by  which  reovirus  infection  sensitizes  cells 
to  killing  by  TRAIL.  We  have  previously  shown  in  work  supported  by  this  grant  that  reovirus- 
induced  apoptosis  in  non-neuronal  cells  involves  the  apoptosis-inducing  ligand  TRAIL  and  its 
associated  death  receptors,  DR4  and  DR5  (see  3).  Reovirus-induced  killing  of  a  wide  variety  of 
human  cervical,  breast,  and  limg  cancer  derived  cell  lines  is  also  due  to  apoptosis  and  mediated  by 
TRAIL.  Reovirus  infection  and  TRAIL  act  synergistically  to  induce  apoptosis,  and  reovirus 
infection  sensitizes  cells  to  killing  by  TRAIL.  As  part  of  the  studies  of  reovirus-induced  NF-kB 
regulation  (4)  (see  above),  we  have  shown  that  the  ability  of  reovirus  to  inhibit  NF-kB  activation  is 
required  for  their  capacity  to  sensitize  ceils  to  TRAIL  killing. 

Original  SOW  3.0:  Is  reovirus  apoptosis  associated  with  aberrant  regulation  of  cell 
cycle  progression  and  does  this  dysregulation  occur  in  post-mitotic  neurons? 

We  have  previously  shown  in  work  supported  by  this  grant  that  reovirus  infection  is' 
associated  with  dysregulation  of  cell  cycle,  and  the  induction  of  G2/M  cell  cycle  arrest.  We  have 
shown  that  infection  is  associated  with  inhibition  of  the  G2/M  checkpoint  kinase  p34®'^®^,  and  that 
this  in  turn  may  result  from  up-regulation  of  p34‘^^‘^^  kinases  including  chkl  and  weel,  and  inhibition 
of  tlie  activity  of  the  p34‘^^‘^^  phosphatase,  CDC25C  (3).  We  have  used  oligonucleotide  microarrays 
to  identify  the  set  of  genes  involved  in  cell  cycle  regulation  whose  expression  is  either  up-  or  down- 
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regulated  following  reovirus  infection  (see  Expanded  SOW  1.3).  The  studies  supported  by  this  grant 
have  now  made  reovirus-induced  cell  G2/M  arrest  one  of  the  best  characterized  models  of  virus- 
induced  cell  cycle  perturbation. 

Expanded  SOW  3.1:  Evaluate  apoptotic  pathways  in  both  primary  and  continuous 
neuronal  cell  lines. 

We  have  examined  apoptotic  pathways  activated  following  reovirus  infection  in  both  mouse 
neuroblastoma  (NB41A3)  and  primary  cortical  neuronal  cultures.  A  paper  describing  this  work  has 
been  published  during  the  reporting  period  in  the  Journal  of  Neurovirology  (9).  Apoptotic  pathways 
activated  following  reovirus  infection  in  primary  neuronal  cultures  are  similar,  but  not  identical,  to 
those  in  non-neuronal  cells  (see  ref  3  for  review).  In  both  neurons  and  non-neuronal  cultures 
apoptosis  involves  cell  surface  death  receptors.  However,  in  neurons,  in  contrast  to  HEK  cells,  we 
have  evidence  that  both  TNF  and  FasL  in  addition  to  TRAIL  may  play  a  role  in  apoptosis  (9).  In  all 

cell  types  examined  to  date,  infection  is  followed  by  caspase  8  activation  which  can  be  detected 

\ 

using  antibodies  specific  for  the  activated  form  of  caspase  8  (9).  In  HEK  cells,  mitochondrial  pro- 
apoptotic  factors  play  a  critical  role  in  augmenting  death-receptor  initiated  apoptosis  (see  ref  3, 

10,1 1).  By  contrast,  in  neurons  release  of  mitochondrial  cytochrome  c  into  the  cytoplasm  occurs 

only  at  low  levels  at  late  times  following  infection  (9).  Consistent  with  this  result,  caspase  9 

\ 

activation  occurs  at  only  low  levels,  and  pqjtide  inhibitors  with  relative  specificity  for  caspase  9 
(Ac-LEHD-CHO)  are  less  effective  then  caspase  8  (Ac-IETD-CHO),  caspase  3  (Ac-DEVD-CHO), 
or  pan-caspase  inhibitors  (Ac-ZVAD-CHO)  in  blocking  reovirus-induced  neuronal  apoptosis. 
Expanded  SOW  3.2:  Identify  the  role  of  reovirus  crls  protein  in  reovirus-induced  cell  cycle 
dysregulation. 

We  have  recently  shown  that  tiie  reovirus  a  Is  protein  contains  a  classical  nuclear  localization 
signal  (NLS).  We  have  created  a  plasmid  that  allows  for  expression  of  crls  coupled  both  to  green 
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fluorescent  protein  (GFP)  and  to  the  protein  pyruvate  kinase  (PK).  Because  its  size  exceeds  the 
limits  for  passive  diffusion  into  the  nucleus,  the  transfected  fusion  protein  GFP-PK  does  not  enter 
the  nucleus  unless  it  is  actively  transported.  We  have  shown  that  coupling  the  als  protein  to  this 
construct  (a Is-GFP-PK)  allows  for  nuclear  transport,  establishing  that  crls  contains  a  functional 
NLS.  We  have  subsequently  generated  a  construct  in  which  the  putative  els  NLS,  encompassing  a 
highly  arginine  and  lysine  (KR)  rich  set  of  amino  acids  at  positions  #14-21,  has  been  deleted.  The 
resulting  construct  ct1sanls-GF-PK)  is  no  longer  transported  to  the  nucleus.  This  indicates  that 
region  of  els  between  AAs  14-21  is  necessary  for  the  nuclear  localization  pf  els.  A  paper 
describing  these  results  is  in  pr^aration,  and  aspects  of  this  research  have  been  presented  at  the 
annual  meeting  of  the  American  Society  of  Virology  (see  Reportable  Outcomes). 


KEY  RESEARCH  ACCOMPLISHMENTS: 

SOWl 

♦Apoptosis  is  an  important  feature  of  CNS  injury  in  human  CNS  viral  infections  caused  by  herpes 
simplex  virus,  cytomegalovirus,  and  JC  virus  (progressive  multifocal  leukoencephalopathy,  PML). 

♦Apoptosis  in  human  CNS  viral  infections  is  associated  with  activation  of  caspase'  3  and  can  occur  in 

>• 

both  virally  infected  tieurons  and  in  cells  in  proximity  to  infected  cells  (“bystander  apoptosis”). 
♦Bystander  apoptosis  occurs  with  greater  frequency  in  HSV  compared,  to  CMV  encephalitis.  > 

♦  Both  human  Epstein-Barr  virus  encephalitis  and  primary  CNS  lymphoma  are  associated  with  the 
presence  in  CSF  of  large  copy  numbers  of  EB V  DNA  and  with  detectable  lytic  cycle  mRNAs 
consistent  with  active  viral  replication. 

♦  Inhibition  of  caspase  activation  by  pancaspase  inhibitors  can  inhibit  apoptosis,  reduce  the  extent 

and  severity  of  CNS  histopathological  injury  and  prolong  survival  in  a  murine  model  of  reovirus 
encephalitis.,  ' 
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*Reovirus  infection  is  associated  with  altered  expression  of  genes  involved  in  apoptosis  and  DNA 
repair.  Down-regulation  of  DNA  repair  genes  may  contribute  to  reovirus-induced  apoptosis. 

SOW2 

*Reovirus  infection  is  associated  with  two  distinct  phases  of  NF-kB  regulation  including  an  early 
activation  phase  followed  by  later  inhibition  of  both  virus-induced  and  stimulus  induced  (TNF, 
etoposide)  NF-kB  activation. 

*MEKK1  is  required  for  calpaih-dependent  proteolysis. 

♦Virus-induced  alterations  in  gene  expression  are  dependent  upon  the  presence  in  regulated  genes  of 
ordered  sets  of  transcription  factor  binding  sites  (modules  and  super-modules)  that  occur  with 
sigmficantly  greater  frequency  in  genes  Up-regulated  during  viral  infection  compared  to  genes  whose 
expression  remains  unaltered. 

♦Reovirus-induced  apoptosis  in  non-neuronal  cells  is  initiated  by  death-receptor  activation,  but 
requires  augmentation  by  mitochondrial  apoptotic  pathways  for  its  full  expression. 

♦Mitochondrial  pro-apoptotic  factors  released  following  reoviras  infection  in  qpithelial  and  human 
cancer  cell  lines  include  both  cytochrome  c  and  Smac/DIABLO  but  not  apoptosis  inducing  factor 
(AIF). 

♦Activation  of  mitochondrial  apoptotic  pathways  is  associated  with  the  subsequent  down-regulation 
of  cellular  lAPs  including  XIAP,  cIAP  1 . 

SOWS 

♦Reovirus  induced  apoptosis  in  primary  neuronal  cultures  involves  pathways  that  are  similar  to  but 
not  identical  with  those  identified  in  non-neuronal  cells  including  initiation  through  death  receptors 
and  the  requirement  for  augmentation  via  mitochondrial  events  including  the  release  of  Smac. 
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*Reovirus  protein  als  contains  a  classic  nuclear  localization  signal  (NLS),  and  can  mediate  the 
nuclear  import  of  fusion  proteins. 
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CONCLUSIONS 

Due  in  significant  part  to  support  provided  by  this  grant,  reoviruses  have  become  one  of  the 
best  imderstood  models  of  virus-induced  apoptosis.  Viral  genes  and  proteins  involved  in  induction  of 
apoptosis  have  been  identified.  The  caspase  activation  pathways  involved  in  apoptosis  have  been 

defined  in  bofii  neuronal  and  non-neuronal  cells,  as  has  the  role  of  specific  mitochondrial  pro- 

) 

apoptotic  factors.  The  capacity  of  the  vims  to  activate  specific  MAPK  cascades  and  their  associated 
transcription  factors  has  been  characterized,  and  studies  are  currently  underway  to  establish  the 
entire  network  of  genes  that  are  up-regulated  following  viral  infection.  The  importance  of  apoptosis 
in  a  variety  of  in  vivo  models  of  infection  including  encephalitis  and  myocarditis  has  been 
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established,  and  studies  are  currently  underway  to  determine  whether  key  apoptotic  pathways 
identified  in  vitro  are  also  active  in  vivo.  Targeted  interventions  that  modulate  apoptosis  and 
enhance  cell  smvival  in  vitro  ^e  being  tested  for  efficacy  as  novel  anti-viral  strategies  in  vivo.  The 
importance  of  apoptosis  as  a  mechanism  of  CNS  injury  has  also  been  established  in  a  variety  of  key 
human  viral  infections,  providing  added  significance  to  its  study  in  both  cell  culture  and 
experimental  models  of  infection. 
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Reovirases  are  a  leading  model  for  understanding  cellular  mechanisms  of  virus-induced  apoptosis.  Reovi- 
ruses  induce  apoptosis  in  multiple  cell  lines  in  vitro,  and  apoptosis  plays  a  key  role  in  virus-induced  tissue 
iiyury  of  the  heart  and  brain  in  vivo.  The  activation  of  transcription  factors  NF-kB  and  c-Jun  are  key  events 
in  reovirus-induced  apoptosis,  indicating  that  new  gene  expression  is  critical  to  this  process.  We  used  high- 
density  oligonucleotide  microarrays  to  analyze  cellular  transcriptional  alterations  in  HEIU93  cells  after 
infection  with  reovirus  strain  T3A  (i.e.,  apoptosis  inducing)  compared  to  infection  with  reovirus  strain  TIL 
(i.e.,  minimally  apoptosis  inducing)  and  uninfected  cells.  These  strains  also  differ  dramatically  in  their 
potential  to  induce  apoptotic  injury  in  hearts  of  infected  mice  in  vivo— T3A  is  myocarditic,  whereas  TIL  is  not. 

Using  high-throughput  microarray  analysis  of  over  12,000  genes,  we  identified  differential  expression  of  a 
defined  subset  of  genes  involved  in  apoptosis  and  DNA  repair  after  reovirus  infection.  This  provides  the  first 
comparative  analysis  of  altered  gene  expression  after  infection  with  viruses  of  differing  apoptotic  phenotypes 
and  provides  insight  into  pathogenic  mechanisms  of  virus-induced  disease. 


The  mechanisms  by  which  viruses  cause  cytopathic  effects  in 
infected  host  cells  are  complex  and  only  partially  defined.  Apo¬ 
ptosis  is  a  direct  mechanism  of  cellular  injury  and  death,  which 
can  occur  in  the  course  of  normal  tissue  development  or  as  a 
pathological  response  to  a  variety  of  noxious  stimuli.  Mamma¬ 
lian  reoviruses  have  served  as  useful  models  for  studies  of  the 
viral  and  cellular  mechanisms  that  are  operative  in  host  cell 
damage  and  death  (14,  57,  80,  81).  Reoviruses  induce  apopto¬ 
sis  in  a  multiple  cell  lines  in  vitro  and  in  murine  models  of 
encephalitis  and  myocarditis  in  vivo  (18,  58,  68).  Prototype 
strains  serotype  3  Abney  (T3A)  and  serotype  3  Bearing  (T3D) 
induce  apoptosis  more  efficiently  than  strain  serotype  1  Lang 
(TIL).  Differences  in  the  capacity  of  reoviruses  to  induce  apo¬ 
ptosis  map  to  the  viral  SI  gene,  which  encodes  the  viral  attach¬ 
ment  protein  al  (15,  69,  82). 

The  signaling  pathways  by  which  reoviruses  induce  apoptosis 
in  target  cells  are  complex.  Involvement  of  death  receptor-  and 
mitochondrion-mediated  pathways  of  apoptosis  as  well  as  cys¬ 
teine  protease  activation  have  been  demonstrated  (11,  43). 
Binding  of  tumor  necrosis  factor  (TNF)-related  apoptosis-in¬ 
ducing  ligand  (TRAIL)  to  its  cell  surface  death  receptors — 
DR4  and  DR5 — splays  a  central  role  in  reovirus-induced  apo¬ 
ptosis  in  HEK293  cells  and  in  several  cancer  cell  lines  (11, 12), 
and  other  death-inducing  ligands  such  as  FasL  are  equally 
important  in  neurons  (68).  Activation  of  death  receptor-re¬ 
lated  apoptotic  pathways  results  in  a  coordinated  pattern  of 
caspase  activation  (43,  44,  68).  Mitochondrial  apoptotic  path- 
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ways  act  to  augment  death  receptor-initiated  apoptosis,  and 
apoptosis  can  be  inhibited  by  stable  overexpression  of  Bcl-2 
(43,  44,  69).  Blockade  of  cysteine  protease  activity  using  selec¬ 
tive  caspase  inhibitors  in  vitro  (11, 43)  and  calpain  inhibitors  in 
vivo  (18)  results  in  decreased  apoptosis  in  target  cells  and 
tissues. 

Reovirus  infection  results  in  activation  of  cellular  transcrip¬ 
tion  factors,  including  NF-kB  (16)  and  c-Jun  (13),  and  this 
activation  plays  a  critical  role  in  apoptosis.  In  the  case  of  c-Jun, 
there  is  an  excellent  correlation  between  the  capacity  of  viral 
strains  to  activate  the  JNK/c-Jun  pathway  and  their  ability  to 
induce  apoptosis  (13).  Inhibition  of  the  activation  of  NF-kB  by 
stable  expression  of  the  NF-kB  inhibitor  IkB,  whether  by  the 
use  of  proteosome  inhibitors  or  by  targeted  disruption  of  the 
genes  encoding  the  p65  or  p55  subunits  of  NF-kB,  results  in 
inhibition  of  reovirus-induced  apoptosis  (16).  The  close  corre¬ 
lation  between  transcription  factor  activation  and  reovirus- 
induced  apoptosis  strongly  suggests  that  new  gene  expression  is 
critical  for  this  process;  therefore,  we  investigated  the  cellular 
response  to  reovirus  infection  at  the  transcriptional  level.  This 
was  achieved  by  comparing  transcriptional  alterations  after 
infection  with  a  reovirus  strain  that  efficiently  induces  apopto¬ 
sis  (i.e.,  T3A)  with  alterations  after  infection  with  a  strain  that 
induces  minimal  apoptosis  (i.e.,  TIL).  These  strains  also  differ 
in  their  potential  for  inducing  apoptotic  myocardial  injury  in  a 
murine  model  of  viral  myocarditis;  T3A  infection  causes  myo¬ 
carditis  and  apoptotic  myocardial  injury,  whereas  TIL  does 
not. 

Using  high-throughput  screening  of  over  12,000  genes  by 
using  high-density  oligonucleotide  microarrays,  we  have  iden¬ 
tified  transcriptional  alterations  in  a  defined  subset  of  genes. 
When  grouped  into  functional  categories,  a  significant  propor- 
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tion  of  altered  transcripts  include  genes  involved  in  apoptosis 
and  DNA  repair,  and  it  is  this  subset  that  forms  the  focus  of 
this  paper.  Tlie  findings  described  herein  are  the  first  large- 
scale  description  of  virus-induced  alterations  in  apoptotic  sig¬ 
naling  at  the  transcriptional  level,  including  kinetics  of  these 
changes  after  infection  with  strains  that  differ  in  apoptosis- 
inducing  phenotype.  These  findings  lend  important  insight  into 
specific  mechanisms  of  viral  pathogenesis,  since  apoptosis  has 
previously  been  demonstrated  to  be  a  critical  mechanism  for 
reovirus-induced  damage  in  vitro  and  in  vivo. 

MATERIALS  AND  METHODS 

Cells,  virus,  and  infection.  Human  embryonic  kidney  293  (HEK293)  cells 
(ATCC  CRL 1573)  were  plated  in  T75  flasks  at  a  density  of  5  X  10®  cells  per  flask 
in  a  volume  of  12  ml  of  Dulbecco’s  modified  Eagle’s  medium  supplemented  with 
10%  heat-inactivated  fetal  bovine  serum,  2  mM  L-glutamine  (Gibco-BRL),  1  mM 
sodium  pyruvate  (Gibco-BRL),  and  100  U  of  streptomycin  (Gibco-BRL)  per  ml. 
Monolayers  were  infected  24  h  after  plating,  when  cells  were  60  to  70%  conflu¬ 
ent.  Reovirus  strains  T3Abney  (T3A)  and  TlLang  (TIL)  (P2  stock)  were  used  to 
infect  monolayers  at  a  multiplicity  of  infection  (MOI)  of  100  PFU  per  cell.  A  high 
MOI  was  used  to  ensure  that  all  susceptible  cells  were  infected  and  because  pilot 
studies  in  our  laboratory  indicated  that  high-multiplicity  infection  enhanced  the 
reproducibility  of  gene  expression  studies.  Vims  was  adsorbed  for  1  h  at  37®C  in 
a  volume  of  2  ml,  during  which  time  flasks  were  rocked  every  15  min.  Following 
adsorption,  flasks  were  incubated  at  3TC  after  the  addition  of  10  ml  of  fresh 
medium.  T3A-infected  cells  were  harvested  at  6, 12,  and  24  h  after  viral  infection. 
TlL-infected  cells  were  harvested  at  24  h  postinfection.  For  control  infections, 
HEK293  monolayers  were  inoculated  with  a  cell  lysate  suspension,  which  was 
prepared  identically  to  viral  stocks  but  which  lacked  infectious  vims. 

Cell  harvests  and  RNA  extraction.  Cells  were  harvested  by  gently  pipetting 
adherent  and  nonadherent  cells  from  the  flasks  into  50-ml  centrifuge  tubes.  After 
centrifugation  (DuPont  Sorvall  6000)  at  1,200  rpm  for  5  min,  cell  pellets  were 
resuspended  in  phosphate-buffered  saline  (PBS)  and  transferred  to  Eppendorf 
tubes  for  total  RNA  extraction  (RNeasy  Mini  Total  RNA  isolation  kit;  QIA- 
GEN).  Total  RNA  was  extracted  from  each  flask  independently,  resulting  in 
duplicate  RNA  samples  for  each  infection  condition  at  6,  12  (mock,  T3A),  and 
24  (mock,  T3A  and  TIL)  h  postinfection.  A  total  of  16  RNA  samples  were 
prepared,  and  the  yield  and  purity  of  extracted  RNA  were  determined  by  spec¬ 
trophotometry. 

Target  preparation.  Biotinylated  cRNA  targets  were  prepared  from  a  10-pg 
aliquot  of  each  total  RNA  sample  by  following  Afifymetrix  instmctions  and 
protocols.  Briefly,  total  RNA  was  reverse  transcribed  to  double-stranded  cDNA 
(Superscript  Choice;  Gibco-BRL)  by  using  high-pressure  liquid  chromatography- 
purified  T7-(dT)24  oligomer  for  first-strand  cDNA  synthesis.  Second-strand  ^- 
thesis  was  performed  by  using  T4  DNA  polymerase,  and  double-stranded  cDNA 
was  isolated  by  using  phenol-chloroform  extraction  with  phase-lock  gels.  Isolated 
cDNA  was  in  vitro  transcribed  and  labeled  (by  using  biotin-UTP  and  biotin- 
CTP)  to  produce  biotin-labeled  cRNA  (BioArray  High-Yield  RNA  transcript 
labeling  Idt;  ENZO).  Labeled  cRNA  was  isolated  by  using  RNeasy  Mini  Kit  spin 
columns  (QIAGEN).  Yield  and  purity  were  quantified  by  using  spectrophotom¬ 
etry-  Labeled  cRNAs  were  fragmented  in  100  mM  potassium  acetate,  30  mM 
magnesium  acetate,  and  30  mM  Tris-acetate  (pH  8.1)  for  35  min  at  94®C  to 
produce  labeled  cRNA  fragments  of  60-  to  300-bp  length.  For  hybridization, 
cRNA  target  integrity  was  analyzed  with  Afifymetrix  control  (Test  2)  arrays  to 
assess  degradation  and  hybridization  performance  prior  to  hybridization  to  Af- 
fymetrbc  Human  U95A  high-density  oligonucleotide  microarrays.  The  U95A 
microarray  contains  cDNA  oligomer  that  is  complementary  to  12,000  human 
genes  with  known  function  (no  expressed  sequence  tags),  which  currently  rep¬ 
resents  the  most  comprehensive  coverage  of  the  human  genome  represented  on 
a  single  microarray.  Each  of  the  16  prepared  target  cRNAs  was  independently 
hybridized  to  a  U95A  array.  Eukaiyotic  hybridization  controls  bioB,  bioC,  bioD, 
and  ere  were  also  included  in  the  hybridization  cocktail.  Hybridization  was 
carried  out  for  16  h  at  45®C  with  rotation  at  60  rpm.  Microarrays  were  washed 
and  stained  with  streptavidin-phycoeiythrin  conjugate  by  using  the  A%metrix 
GeneChip  Fluidics  Station  400,  following  standard  Affymetrix  protocols.  Staining 
intensity  was  antibody  amplified  by  using  a  biotinylated  antistreptavidin  antibody 
at  a  concentration  of  3  p-g  per  ml  which  was  followed  by  a  second  streptavidin- 
phycoerythrin  conjugate  stain,  and  hybridization  intensity  was  analyzed  by  scan¬ 
ning  at  570  nM.  All  hybridization  and  scanning  steps  were  performed  at  the 


University  of  Colorado  Health  Sciences  Center  Cancer  Center  Microarray  Core 
Facility. 

Data  analysis.  Each  gene  on  the  U95A  array  was  represented  by  a  group  of  20 
different  25-base  cDNA  oligomers  that  were  complementary  to  a  cRNA  target 
transcript  (i.e.,  perfect-match  probes).  As  a  hybridization  specificity  control,  each 
perfect  match  oligomer  was  accompanied  by  an  oligomer  differing  from  the 
perfect  match  sequence  by  a  single  base  pair  substitution  (i.e.,  mismatch  probes). 
The  combination  of  perfect-match  and  -mismatch  cDNA  oligomers  for  each 
gene  is  termed  a  probe  set.  Af^etrbc-defined  mathematical  analyses  (metrics) 
were  performed  to  assess  specific  versus  nonspecific  hybridization  of  experimen¬ 
tal  cRNA  targets  to  each  probe  set.  Data  files  were  analyzed  by  using  GeneChip 
Microarray  Suite  software  (version  4.0). 

Initially,  hybridization  of  cRNA  targets  derived  from  each  of  the  16  experi¬ 
mental  samples  was  analyzed  independently.  By  using  Al^etrix-defined  abso¬ 
lute  mathematical  algorithms  describing  perfect-match  and  -mismatch  hybrid¬ 
ization,  each  gene  was  defined  as  absent  or  present  and  was  assigned  a  raw 
numerical  value.  Next,  comparisons  were  made  between  virus-infected  and 
mock-infected  chips  at  each  of  the  three  time  points  postinfection.  Raw  numer¬ 
ical  values  were  scaled  to  allow  cornparison  between  arrays.  Genes  considered 
absent  (excess  of  mismatch  hybridization  or  no  hybridization)  were  not  excluded 
from  analysis,  since  genes  changing  from  present  to  absent,  absent  to  present,  or 
present  to  present  (but  which  increased  in  magnitude)  were  all  important  subsets 
of  transcriptional  alteration  following  viral  infection  compared  to  mock  infec¬ 
tion.  By  using  Affymetrix-defined  comparison  mathematical  algorithms,  differ¬ 
ential  hybridization  (between  chips)  to  each  cDNA  probe  was  analyzed  and 
designated  as  not  changed,  increased,  marginally  increased,  decreased,  or  mar¬ 
ginally  decreased,  and  a  change  in  expression  (n-fold)  was  calculated.  Finally,  a 
four-way  comparison  of  both  virus-infected  replicates  to  both  mock-infected 
replicates  at  a  given  time  point  was  assessed,  and  the  mean  change  (n-fold)  was 
calculated  and  reported  along  with  standard  error  of  the  mean. 

A  gene  was  considered  upregulated  following  virus  infection  if  it  was  present 
in  both  virus-infected  samples  and  if  its  expression  increased  by  greater  than  or 
equal  to  twofold  in  each  virus-infected  sample  compared  to  both  mock-infected 
samples.  Conversely,  a  gene  was  considered  downregulated  if  it  was  present  in 
both  mock-infected  samples  and  if  its  expression  was  decreased  by  greater  than 
or  equal  to  twofold  in  each  virus-infected  sample  compared  to  both  mock- 
infected  samples.  Genes  whose  expression  changed  by  less  than  twofold  were  not 
considered  up-  or  downregulated.  Similarly,  in  order  to  ensure  the  reproducibil¬ 
ity  of  the  data  presented,  genes  whose  expression  differed  from  mock-infected 
samples  in  only  one  of  the  two  paired  viral  chips  were  not  considered  up-  or 
downregulated. 

To  assess  the  reproducibility  of  hybridization  results,  the  degree  of  variability 
in  transcriptional  expression  among  mock-  and  virus-infected  replicate  condi¬ 
tions  was  analyzed.  For  99.6%  of  represented  genes,  expression  was  unchanged 
between  mock-mock  or  virus-virus  replicates.  Transcriptional  differences  were 
noted  in  an  average  of  0.4%  ±  0.1%  of  the  total  pool  of  transcripts  between 
replicate  conditions,  but  the  genes  involved  represent  a  distinct  population  from 
the  genes  found  to  be  up-  or  downregulated  compared  to  virus-infected  to 
mock-infected  cells.  The  degree  of  variability  in  transcriptional  expression  as  a 
function  of  time  was  also  assessed  by  comparing  differences  in  gene  expression 
between  mock  infections  following  6, 12,  and  24  h  of  culture.  A  small  proportion 
of  transcripts  were  altered  in  response  to  diuation  of  cell  culture  alone  (1.2%  ± 
0.2%  of  the  total  pool).  These  genes  were  excluded  from  subsequent  analysis. 

RT-PCR.  Reverse  transcriptase  PCR  (RT-PCR)  was  utilized  to  confirm 
changes  in  expression  of  selected  genes  as  identified  by  analysis  of  oligonucleo¬ 
tide  microarrays.  For  RT-PCR,  RNA  was  extracted  from  infected  and  control 
HEK293  cells  by  using  infection  and  extraction  procedures  identical  to  those 
described  above.  RNA  was  converted  to  cDNA  by  using  the  Superscript  pre¬ 
amplification  system  (Gibco-BRL)  with  the  supplied  oligo  d(T)i2-i8  primer. 
Reverse  transcription  was  performed  at  42®C  for  1  h.  Semiquantitative  PCR  was 
performed  by  using  primers  generated  for  human  DR4  (forward,  5'-CTG  AGC 
AAC  GCA  GAC  TCG  CTG  TCC  AC-3';  reverse,  5'-TCC  AAG  GAC  ACG 
GCA  GAG  CCT  GTG  CCA  T-3'),  human  DR5  (forward,  5'-GCC  TCA  TGG 
ACA  ATG  AGA  TAA  AGG  TGG  01-3';  reverse,  5'-CCA  AAT  CTC  AAA 
GTA  CGC  ACA  AAC  GG-3'),  human  DCRl  (forward,  5'-GAA  GAA  TTT 
GGT  GCC  AAT  GCC  ACT  G-3';  reverse,  S'-CTC  TTG  GAC  TTG  GCT  GGG 
AGA  TGT  G-3'),  GADD  34  (U83981)  (forward,  5'-ACA  CGG  AGG  AGG 
AGG  AAG  AT-3';  reverse,  5'-ACA  GAG  GAG  GAA  GGC  AAG  GT-3'), 
Bcl-10  (AJ006288)  (forward,  5'-TCC  ACA  CTT  CTC  AGG  TTG  CXT-3';  re¬ 
verse,  5'-AAT  GGG  GAA  GAA  GGA  GAG  GA-3'),  caspase  3  (forward, 
5'-GGT  TCA  TCC  AGT  CGC  TTT  GT-3';  reverse,  5'-AAC  CAC  CAA  CCA 
ACC  ATT  C-3';  207-bp  product),  Par-4  (forward,  5'-CTG  AA  CAT  TTG  CAT 
CCC  TGT-3';  reverse.  5'ATG  AAG  CAG  GGC  AGA  AAG  AG-3';  239-bp 
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product),  SMN  (U80017)  (forward,  5'-CCA  GAG  CGA  TGA  TGA  CA-3'; 
reverse,  5'-TGG  GTA  AAT  GCA  ACC  GTC  TT-3';  246-bp  product),  DNA 
polymerase  a  (L24559)  (forward,  5'-TGC  TTG  ACC  TGA  TTG  CTG  TC-3^ 
reverse,  5'-ATG  ACG  GGA  CAA  AGA  CAA  GG-3';  197-bp  product),  ParpL 
(AF057160)  (forward,  5'-CGC  AAG  GTC  CAG  AGA  GAA  AC-3';  reverse, 
5'-TCC  CAG  GTT  CAC  TTC  TIT  GG-3';  244-bp  product),  SRP40  (U30826) 
(forward,  5'-AGA  CGA  AAT  GCT  CCA  CCT  GT-3';  reverse,  5' -CGA  GAC 
CTG  CTT  err  GAC  CT-3';  281-bp  product),  XP-C  pl25  (D21089)  (forward, 
5'-AGA  GCA  GGC  GAA  GAC  AAG  AG-3';  reverse,  5'-GAT  GGA  CAG  GCC 
AAT  AGC  AT-3';  199-bp  product),  and  p-actin  (forward,  5'-GAA  ACT  ACC 
TTC  AAC  TTC  AAC  TCC  ATC-3';  reverse,  5'-CGA  GGC  CAG  GAT  GGA 
GCC  GCC-3'  (24).  PCRs  were  performed  by  using  serial  dilutions  of  each  cDNA 
(1:5,  1:10,  and  1:20)  to  estimate  the  linear  range  for  each  primer  pair  by  inter¬ 
pretation  of  band  intensity.  To  avoid  saturation  of  the  PCR  and  maximize  the 
ability  to  detect  relative  quantitative  differences  between  experimental  samples, 
the  highest-input  cDNA  dilution  that  produced  visible  PCR  products  was  utilized 
for  comparisons  of  transcript  abundance,  and  PCR  cycles  were  limited  to  25. 
RT-PCR  for  actin  was  performed  in  parallel  with  each  PCR  of  interest  for  each 
experimental  sample  (as  a  control  to  ensure  equal  input  load  of  cDNA  in  each 
reaction).  PCR  cycle  conditions  were  94®C  for  30  seconds,  SS^C  for  30  seconds, 
and  72®C  for  1  min  for  25  cycles.  PCR  products  were  resolved  on  a  2%  agarose- 
ethidium  bromide  gel  run  at  100  V  for  1  h.  Products  were  visualized  by  UV 
illumination  with  Ruor-S  (Bio-Rad)  software  imaging.  Each  reaction  was  per¬ 
formed  atieast  twice  in  independent  experiments  to  confirm  reproducibility. 

Animal  infections  and  immnnohistochemistry.  Reoviius  strain  8B  is  an  effi¬ 
ciently  myocarditic  reovirus  that  has  been  previously  characterized  (74)  and  has 
been  shown  to  induce  apoptotic  myocardial  injury  in  neonatal  mice  (18).  Two- 
day-old  Swiss-Webster  (Taconic)  mice  were  intramuscularly  inoculated  with 
1,000  PFU  of  8B  reovirus  (20-pl  volume)  in  the  left  hind  limb.  Mock-infected 
mice  received  gel  saline  vehicle  inoculation  (20-pl  volume;  137  mM  NaQ, 
0.2  mM  Caa2»  0-8  mM  Mga2»  19  mM  H3BO3, 0.1  mM  Na2B407, 0.3%  gelatin). 
At  1  to  7  days  postinfection,  mice  were  sacrificed  and  hearts  were  immediately 
immersed  in  10%  buffered  formalin  solution.  After  mounting  as  transverse 
sections,  hearts  were  embedded  in  paraffin  and  sectioned  to  6-p,m  thickness.  For 
quantification  of  the  degree  of  myocardial  injury,  hematoxylin-  and  eosin-stained 
midcardiac  sections  (at  least  two  per  heart)  were  examined  at  X125  magnifica¬ 
tion  by  light  microscopy  and  evaluated  for  histologic  evidence  of  myocarditis. 

Immunohistochemical  analysis  of  survivin  (SMN)  expression  was  carried  out 
on  identical  sections  to  assess  expression  over  the  7  days  following  reovirus 
infection.  SMN  antiserum  was  produced  in  New  Zealand  White  rabbits  by 
immunization  with  the  amino  terminus  of  the  surviving  amino  peptide  sequence 
(PTLPPAWQPFLKDHRI)  linked  to  keyhole  limpet  hemocyanin  by  the  method 
of  Ambrosisni.  Immunoglobulins  from  the  rabbit  before  immunization  were 
purified  by  affinity  chromatography  with  protein  A  (Pierce,  Rockford,  III.).  West¬ 
ern  blot  analysis  against  total  protein  extract  from  HeLa  cells  showed  reactivity 
with  a  single  band  of  protein  of  approximately  16.5  kDa — consistent  with  the 
expected  molecular  mass.  Western  blotting  with  preimmune  serum  showed  no 
immunoreactivity.  Slides  were  deparaffinized  through  xylene  and  rehydrated 
through  a  graded  alcohol  series.  Endogenous  peroxidase  was  blocked  with  3% 
hydrogen  peroxide  for  15  min.  Antigen  retrieval  was  performed  with  a  0.1  M 
citrate  buffer  for  10  min  at  120®C.  Primary  antibody  was  diluted  to  1.8  ng/p.1  in 
PBS  (pH  7.4)  with  1%  bovine  serum  albumin  applied  to  sections  and  incubated 
in  a  humidity  chamber  overnight  at  4®C.  Following  three  washes  in  PBS  for  5  min 
each,  incubation  in  secondary  antibody  labeled  with  polymer-linked  horseradish 
peroxidase  (Envision  4-;  Dako,  Carpinteria,  Calif.)  was  carried  out  for  30  min 
at  room  temperature  in  a  humidity  chamber.  Following  three  washes  in  PBS, 
sections  were  developed  with  3'-diaminobenzidine  (Dako)  and  counterstained 
with  hematojylin.  Negative  controls  were  performed  by  substitution  with  the 
preimmune  immunoglobulin  from  the  same  rabbit.  Positive  control  consisted  of 
a  colon  carcinoma  section  that  has  been  extensively  studied  in  our  laboratory  and 
which  shows  strong  staining  that  is  consistently  reproducible  in  this  tissue. 

RESULTS 

Global  analysis  of  gene  expression  following  reovirus  infec¬ 
tion.  At  6,  12,  and  24  h  postinfection,  transcriptional  expres¬ 
sion  of  each  of  12,000  genes  present  on  the  HU95A  microarray 
was  compared  for  each  pair  of  T3A  (strongly  apoptosis  induc¬ 
ing  [APO+])  virus-infected  and  mock-infected  arrays.  Similar 
analysis  was  carried  out  at  24  h  postinfection  for  each  pair  of 
TIL  (weakly  apoptosis-inducing  [APO— ])  virus-infected  and 


mock-infected  arrays.  The  subset  of  genes  that  were  transcrip¬ 
tionally  altered  following  T3A  (APO+)  infection  compared  to 
mock  infection  was  determined.  This  subset  of  genes  was  also 
compared  to  those  genes  that  were  differentially  expressed 
following  TIL  (APO—)  infection  compared  to  mock  infection. 
At  6  h  post-T3A  (APO+)  infection,  expression  of  18  genes 
(0.2%  of  the  total  genes  present  on  the  array)  was  altered 
(all  with  increased  expression)  by  twofold  or  greater  in  T3A 
(APO+)-infected  cells  compared  to  mock-infected  cells.  By 
12  h  post-T3A  (APO+)  infection,  expression  of  86  genes 
(0.7%)  was  altered  (29  genes  with  increased  expression  and  57 
genes  with  decreased  expression)  in  virus-infected  compared 
to  mock-infected  cells.  24  h  post-T3A  (APO+)  infection, 
expression  of  309  genes  (2.6%)  was  altered  (215  with  increased 
expression  and  94  with  decreased  expression)  in  virus-infected 
compared  to  mock-infected  cells.  In  contrast,  at  24  h  post-TlL 
(APO-)  infection,  expression  of  only  59  genes  (0.4%)  was 
altered  (45  with  increased  expression  and  14  with  decreased 
expression)  in  virus-infected  compared  to  mock-infected  cells. 
A  complete  listing  of  all  genes  with  twofold  or  greater  changes 
in  expression  following  T3A  and  TIL  infection  is  available 
online  at  http://www.uchsc.edu/sm/neuro/tylerlab/personnel 
/completelisting.pdf.  When  categorized  into  functionally  re¬ 
lated  families,  a  large  number  of  differentially  expressed  genes 
following  T3A  (APO+)  infection  were  noted  to  encode  pro¬ 
teins  involved  in  apoptosis  (Table  1)  and  DNA  repair  (Table 
2).  These  genes  were  not  differentially  expressed  following  TIL 
(APO-)  infection  [with  the  exception  of  five  genes  in  common 
between  T3A  (APO-f)  and  TIL  (APO-)],  indicating  that 
these  changes  in  gene  expression  likely  correlate  with  differ¬ 
ences  in  virus-induced  pathogenicity  rather  than  resulting  from 
nonspecific  cellular  responses  to  viral  infection. 

Reovinis-induced  alteration  in  expression  of  genes  involved 
in  apoptosis.  Expression  of  24  genes  related  to  the  regulation 
of  apoptosis  was  altered  in  T3A  (APO+)  reovirus-infected 
cells.  These  genes  encode  proteins  that  participate  in  apo¬ 
ptotic  signaling  involving  death  receptors,  endoplasmic  re¬ 
ticulum  (ER)  stress,  mitochondrial  signaling,  and  cysteine 
proteases  (Table  1).  For  22  of  these  24  genes,  significant  al¬ 
teration  (>2-fold)  in  expression  was  not  apparent  xmtil  24  h 
postinfection.  Only  five  of  these  genes  were  also  differentially 
expressed  following  TIL  (APO-)  infection. 

Altered  expression  of  genes  involved  in  death  receptor  sig¬ 
naling  pathways.  We  have  previously  shown  that  members  of 
the  TNF  receptor  superfamily  of  cell  surface  death  receptors, 
including  DR4,  DR5,  and  their  apoptosis-inducing  ligand, 
TRAIL,  play  a  critical  role  in  reovirus-induced  apoptosis  (11, 
12).  We  wished  to  determine  whether  alterations  in  expression 
levels  of  genes  encoding  these  proteins  were  altered  following 
reoviral  infection.  Using  oligonucleotide  microarrays,  we  did 
not  detect  significant  changes  in  gene  expression  of  TRAIL  or 
the  death  receptors  DR5,  decoy  receptor  1  (DcR-1),  or  DcR-2 
at  6, 12,  and  24  h  postinfection  in  reovirus-infected  cells  com¬ 
pared  to  mock-infected  controls  (Table  3).  DR4  was  not  rep¬ 
resented  on  the  U95  A  microarray.  Expression  of  genes  encod¬ 
ing  other  important  members  of  the  TNF  receptor  superfamily 
and  their  ligands  was  also  unchanged  in  reovirus-infected  cells 
including  Fas,  Fas  ligand,  TNF-a,  TNF-p,  and  TNF  receptor 
and  TNF  receptor-related  protein  (Table  3). 

We  performed  additional  analysis  of  death  receptor-related 
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TABLE  1.  Reovirus-induced  alteration  in  expression  of  genes  encoding  proteins  known  to  regulate  apoptotic  signaling 


Gene 

GenBank 

accession 

no." 

Change  in  expression  (n-fold)^  at  the  indicated  time  (h) 
after  infection  with: 

T3A  til 

6  12  24  24 

Mitochondrial  signaling 

Pim-2  proto-oncogene  homologue 

U77735 

-2.2  ±  0.1 

MCLl 

L08246 

2.0  ±  0.0 

2.2  ±  0.0 

BAG  15El-cytochrome  C  oxidase  polypeptide 

AL021546 

2.1  ±  0.0 

Par-4 

U63809 

2.1  ±  0.0 

HSP-70  (heat  shock  protein  70  testis  variant) 

D85730 

2.2  ±  0.1 

BNIP-1  (BCI^2  interacting  protein) 

U15172 

2.3  ±  0.2 

SMN/Bt^44/NAIP  (survival  motor  neuron/neuronal 

U80017 

2.5  ±  0.1 

apoptosis  inhibitor  protein) 

DRAK-2 

AB011421 

2.8  ±  0.2 

SIP-1 

AF027150 

3.0  ±  0.2 

DPS 

D83699 

5.5  ±  1.1 

ER  stress-induced  signaling 

ORP150 

U65785 

-2.4  ±  0.2 

GADD  34 

U83981 

6.8  ±  0.2 

3.7  ±  0,2 

2.9  ±  0.2 

GADD  45 

M60974 

3.3  ±  0.2 

4.9  ±  0.1 

4.4  ±  0.1 

Death  receptor  signaling 

Bcl-10 

AJ006288 

5.6  ±  1.1 

PMI^2 

M79463 

3.4  ±  0.3 

Ceramide  glucosyltransferase 

D50840 

4.0  ±  1.2 

SplOO 

M60618 

6.5  ±  0.3 

5.8  ±  0.6 

Proteases 

Calpain  (calcium-activated  neutral  protease) 

X04366 

-2.6  ±  0.1 

Beta-4  adducin 

U43959 

-2.1  ±  0.1 

Caspase  7  (lice-2  beta  cysteine  protease) 

U67319 

2.6  ±  0.2 

Caspase  3  (CPP32) 

U13737 

3.2  ±  0.2 

2.8  ±  0.1 

Undefined 

Frizzled  related  protein 

AF056087 

-2.5  ±  0.1 

-3.3  ±  0.5 

TCBP  (T  cluster  binding  protein) 

D64015 

3.3  ±  0.2 

Cug-BP/hNAb50  RNA  binding  protein 

U63289 

6.6  ±  1.1 

“  GenBank  accession  number  corresponds  to  sequence  from  which  the  Affymetrix  U95A  probe  set  was  designed. 
*  Data  are  means  ±  standard  errors  of  the  means. 


gene  expression,  including  DR4,  DR5,  DcR-1,  and  DcR-2  fol¬ 
lowing  T3A  (APO+)  infection  by  RT-PCR  (Fig.  1).  DR4  ex¬ 
pression  was  increased  at  12  and  24  h  post-T3A  infection 
compared  to  mock  infection.  In  contrast,  expression  of  DR5 
was  unchanged  following  T3 A  infection,  thus  confirming  re¬ 
sults  obtained  from  microarray  analysis.  DcR-1  transcripts 
were  not  detectable  in  either  mock-  or  T3A-infected  cells. 
DcR-2  expression  appeared  to  be  decreased  at  24  h  post-T3A 
infection  compared  to  mock-infected  cells  in  this  RT-PCR 
analysis.  However,  consistent  with  the  microarray  results,  this 
decrease  was  not  seen  in  RNase  protection  assays  (data  not 
shown). 

Microarray  analysis  also  revealed  differential  expression  of 
four  genes  that  encode  proteins  that  may  be  involved  in  mod¬ 
ulation  of  death  receptor-associated  signaling  cascades  in  T3A 
(APO+)-infected  cells  at  24  h  postinfection:  PML-2,  ceramide 
glucosyltransferase,  Bcl-10,  and  SplOO  were  increased  3.4  ± 
0.3-,  4.0  ±  1.2-,  5.6  ±  1.1-,  and  6.1  ±  0.5-fold,  respectively.  We 
used  RT-PCR  to  confirm  the  upregulated  expression  of 
BCL-10  at  24  h  post-T3A  (APO+)  infection  (Fig.  1).  Taken 
together,  these  results  suggest  that,  with  the  exception  of  DR4 


TABLE  2.  Reovirus-induced  alteration  in  expression  of  genes 
encoding  proteins  known  to  be  involved  in  DNA  repair 


Gene 

GenBank 

accession 

no." 

Change  in  expression  (n-fold)*  at 
the  indicated  time  (h)  after 
infection  with: 

T3A  TIL 

6  12  24  24 

DNA  ligase  1 

M36067 

-8.2  ±  1.1 

PARPL 

AF057160 

-6.3  ±  0.7 

XP-C  repair  complement¬ 
ing  protein  (pl25) 

D21089 

-3.4  ±  0.1 

DNA  polymerase  gamma 

U60325 

-1.9  ±0.1  -2.9  ±0.1 

ERCC5 

L20046 

-2.7  ±  0.1 

DNA  polymerase  alpha 

L24559 

-2.5  ±  0.2 

HLP  (helicase-like  protein) 

U09877 

-2.4  ±  0.1 

GTBP 

U28946 

-2.0  ±0.1  -2.1  ±0.0 

DDB2  (p48  subunit) 

U18300 

-2.0  ±  0.0 

RAD  54  homologue 

X97795 

-2.0  ±  0.1 

Mi2  autoantigen 

X86691 

-1.3  ±0.1  -2.0  ±0.1 

MMS2 

AF049140 

2.1  ±  0.0 

Rad-Sl-interacting  protein 

AF006259 

2.6  ±  0.2 

Rec-1 

AF084513 

2.4  ±  0.4 

"  GenBank  accession  number  corresponds  to  sequence  from  which  the  Aflfy- 
metrix  U95A  probe  set  was  designed. 

*  Data  are  means  ±  standard  errors  of  the  means. 
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TABLE  3.  Genes  encoding  proteins  known  to  be  involved  in 
apoptotic  signaling  which  were  not  differentially  expressed 
following  reovirus  T3A  or  TIL  infection 


Gene 

GenBank  accession  no." 

Death  receptor  signaling 

TRAIL 

U37518 

DR5  (TRAII^R2) 

AF014794 

Decoy  receptor  1  (TRAILR3) 

AF014794 

Decoy  receptor  2 

AF029761 

TNF 

M16441 

TNF-a 

X02910 

TNF-p 

D12614 

TNF  receptor 

M58286 

TNF  receptor  2-related  protein 

L04270 

Fas  (Apo-l/CD95) 

X83490,  X83492,  Z70519, 
X82279,  X63717 

Fas  ligand  (FasL) 

U11821,  D38122 

Mitochondrial  signaling 

BcI-2 

M13994,  M14745^  M13995'’ 

BAX  alpha 

L22473 

BAX  beta 

L22474 

BAX  gamma 

L22475'' 

BAX  delta 

U19599 

Proteases 

Caspase  2  (Ich-1) 

U13021,'’  013022* 

Caspase  9  (Mch-6) 

060521* 

Caspase  4  (ICErel-II) 

U28014 

Caspase  5  (ICErel-III) 

U28015 

Caspase  6  (Mch2)-isoform  alpha 

U20536 

Caspase  8  (MACH-alpha  1, 

X98172,  X98176,  X98175 

MACH-beta  1,  MACH-beta  2) 

Caspase  10  (Mch4) 

U60519 

"  GenBank  accession  number  corresponds  to  sequence  from  which  the  Affy- 
metrix  U95A  probe  set  was  designed.  Multiple  accession  numbers  are  noted  for 
multiple  representations  of  a  particular  gene  (xmique  probe  sets)  on  the  U95A 
microarray. 

*  Indicates  multiple  representations  of  a  particular  gene  derived  from  the  same 
GenBank  sequence. 


and  DcR-2,  changes  in  death  receptor  and  ligand  gene  expres¬ 
sion  are  unlikely  to  play  a  critical  role  in  reovirus-induced 
apoptosis.  However,  transcriptional  alterations  in  genes  encod¬ 
ing  proteins  that  modulate  death  receptor  signaling  may  play  a 
role  in  reovirus-induced  apoptosis. 

Altered  expression  of  genes  involved  in  mitochondrial  sig¬ 
naling  pathways.  Mitochondrial  pathways  play  an  important 
role  in  reovirus-induced  apoptosis  in  HEK293  cells  (43,  44). 
Following  reovirus  infection,  both  cytochrome  c  and  Smac/ 
DIABLO  are  released  from  mitochondria  and  trigger  the  ac¬ 
tivation  of  caspase  9  as  well  as  the  degradation  of  inhibitors  of 
apoptosis  (43,  44).  Reovirus-induced  apoptosis  in  MDCK  and 
HEK293  cells  is  inhibited  by  stable  overexpression  of  Bcl-2  (43, 
44,  69),  which  is  consistent  with  a  significant  role  for  the  mi¬ 
tochondrial  apoptosis  pathway  during  reovirus  infection. 

Among  genes  whose  expression  was  altered  in  T3A  (APO+)- 
infected  cells  were  10  genes  encoding  proteins  involved  in  mito¬ 
chondrial  signaling.  This  group  includ^  genes  encoding  a  num¬ 
ber  of  proteins  known  to  interact  with  Bcl-2,  including  SMN, 
whose  eiqjression  was  increased  25  ±  0.1-fold,  and  SMN-inter- 
acting  protein  1  (SIP-1),  whose  expression  was  increased  3.0  ± 
0.2-fold.  Expression  of  genes  encoding  several  other  Bcl-2-inter- 
acting  proteins  included  the  Bcl-2  family  member  MCDl,  pros¬ 
tate  apoptosis  response  4  (Par4),  DAP  kinase-related  apoptosis- 
inducing  protein  kinase  2  (DRAK-2),  neuronal  death  protein  5 
(DP-5),  and  Bcl-2-interacting  protein  1  (BNIP-1),  each  of  which 
were  upregulated  two-  to  sixfold  following  T3A  (APO+)  infec¬ 


tion  (Table  1).  With  the  exception  of  MCL-1,  expression  of  these 
genes  was  imaltered  following  TIL  (APO-)  infection.  Bcl-2  itself 
was  not  differentially  expressed  in  virus-infected  cells,  nor  was  the 
proapoptotic  Bcl-2  family  member  BAX  (Table  3). 

We  used  RT-PCR  to  confirm  changes  in  the  expression  of 
selected  genes  involved  in  mitochondrial  signaling  and  inter¬ 
action  with  Bcl-2  (Fig.  2).  We  found  that  the  expression  of 
SMN  was  increased  at  24  h  post-T3A  (APO+)  infection  but 
not  at  earlier  time  points.  Expression  of  Par-4  was  increased  at 
12  and  24  h  post-T3A  (APO+)  infection,  thus  confirming  re¬ 
sults  obtained  with  oligonucleotide  arrays. 

These  results  add  to  previous  data  demonstrating  that  Bcl-2 
plays  an  important  regulatory  role  in  reovirus-induced  apopto¬ 
sis  by  revealing  a  complex  interplay  of  Bcl-2  regulatory  factors 
at  the  transcriptional  level  in  T3A  (APO+)-infected  cells. 

Altered  expression  of  genes  involved  in  ER  stress  pathways. 
In  addition  to  death  receptor  and  mitochondrial  pathways  of 
apoptosis,  stress  signals  originating  in  the  Golgi  apparatus  and 
ER  can  also  trigger  apoptosis  (79,  86).  Viral  proteins  are  po¬ 
tent  inducers  of  ER  stress  responses  (7,  22,  ^).  Three  genes 


T3A 

DR5 

DR4 

DcR-1 

DcR-2 

Actin 


6  12  24 

-  +  _  +  -  + 


T3A 

BCLIO 

Actin 

FIG.  1.  Expression  of  genes  related  to  death  receptor-mediated 
apoptotic  signaling  is  altered  following  reoyirus  T3A  infection.  HEK293 
cells  were  either  mock  (-)  or  T3A  (-b)  infected  at  an  MOI  of  100  PFU 
per  cell.  mRNA  was  collected  at  6,  12,  and  24  h  postinfection  and 
analyzed  by  semiquantitative  RT-PCR  for  expression  of  selected  tran¬ 
scripts  encoding  proteins  involved  in  death  receptor-mediated  apopto¬ 
tic  signaling.  "  ^ 
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FIG.  2.  Expression  of  genes  related  to  mitochondrion-,  ER  stress-,  and  protease-mediated  apoptotic  signaling  is  altered  following  reoyirus  T3A 
infection.  HEK293  cells  were  either  mock  (-)  or  T3A  (+)  infected  at  an  MOI  of  100  PFU  per  cell.  mRNA  was  collected  at  6,  12,  24  h 

postinfection  and  analyzed  by  semiquantitative  RT-PCR  for  expression  of  selected  transcripts  encoding  proteins  involved  in  mitochondrial  (SMN 
and  Par-4)  and  ER  stress  (GADD  34)-mediated  apoptotic  signaling  as  well  as  for  caspase  3,  a  cysteine  protease  involved  in  apoptosis. 


encoding  proteins  that  are  potentially  involved  in  ER  stress- 
related  responses  were  differentially  expressed  following  both 
T3A  (APO+)  and  TIL  (APO-)  infection  (Table  1).  Two  of 
these  genes  encode  growth  arrest  and  DNA  damage  (GADD)- 
inducible  proteins  GADD  34  and  GADD  45.  Alterations  in  the 
expression  of  these  genes  were  among  the  earliest  changes  in 
gene  expression  detected  in  T3A  (APO+)-infected  cells.  The 
increased  expression  of  GADD  45  following  reovirus  infection 
has  been  discussed  previously  in  terms  of  its  role  in  reovirus- 
induced  cell  cycle  regulation  (65).  Expression  of  GADD  34  was 
increased  6.8  ±  0.2-fold  as  early  as  6  h  post-T3A  (APO+) 
infection.  This  was  the  largest  increase  in  expression  foimd  for 
any  apoptosis-related  gene  at  any  time  following  infection. 
Ej^ression  remained  increased  at  24  h  postinfection,  although 
the  magnitude  of  the  increase  declined  (3.7  ±  0.2-fold).  Ex¬ 
pression  of  GADD  34  and  GADD  45  was  also  upregulated  at 
24  h  post-TlL  (APO-)  infection— by  2.9  ±  0.2-fold  and  4.4  + 
0.1-fold,  respectively.  In  order  to  confirm  the  increased  expres¬ 
sion  of  GADD  34  detected  by  using  oligonucleotide  arrays,  we 
performed  RT-PCR  on  reovirus-infected  HEK293  cells  by  us¬ 
ing  GADD  34-specific  primers.  GADD  34  transcripts  were 
increased  at  12  and  24  h  post-T3A  (APO-I-)  infection  com¬ 
pared  to  mock  infection  (Fig.  2),  thus  confirming  microarray 
results.  In  addition  to  transcriptional  upregulation  of  genes 
encoding  GADD  proteins,  transcripts  for  ORP150 — an  ER 
resident  protein  involved  in  the  misfolded  protein  rescue  re- 
sponse-^ere  downregulated  by  2.4  ±  0.2-fold  following  T3A 
(APO + ) — ^not  TIL  (APO  - ) — ^infection. 

These  results  suggest  that  ER  stress-induced  apoptotic  sig¬ 
naling  may  play  a  role  in  reovirus  infection.  However,  the  fact 
that  altered  expression  in  GADD  genes  occurred  following 
both  TIL  (APO“)  and  T3A  (APO+)  infection  (although  at 
lower  levels  in  TIL  [APO-]  infection)  suggests  that  these 
pathways  may  play  a  less-critical  role  in  determining  virus- 


induced  apoptotic  injury  and  rather  are  activated  as  a  nonspe¬ 
cific  cellular  response  to  reoviral  infection. 

Altered  expression  of  genes  encoding  <ysteine  proteases. 
Initiation  of  apoptosis  through  death  receptor,  mitochondrial, 
or  ER  and  Golgi  pathways  results  in  the  activation  of  specific 
initiator  caspases.  These  caspases  in  turn  activate  additional 
caspases,  culminating  in  the  activation  of  effector  caspases. 
Effector  caspases,  exemplified  by  caspases  3  and  7,  act  on 
substrates,  including  laminins  and  the  caspase-activated  DNase 
responsible  for  inducing  the  morphological  features  of  apopto¬ 
sis  in  target  cells  (28).  Caspases  3,  8,  and  9  are  activated  in 
reovirus-infected  cells,  and  inhibition  of  ca^ase  activation  in¬ 
hibits  apoptosis  (43). 

Expression  of  genes  encoding  the  effector  caspases  3  and  7 
were  increased  at  24  h  following  T3A  (APO+)  reovirus  infec¬ 
tion  but  not  at  earlier  time  points,  consistent  with  their  role  as 
downstream  effector  caspases  that  are  activated  at  the  termi¬ 
nus  of  caspase  cascades.  Caspase  7  expression  was  increased 
2.6  ±  0.2-fold,  and  that  of  caspase  3  was  increased  3.2  ±  0.2- 
fold  (Table  1).  Caspase  3  expression  was  also  increased  at  24  h 
post-TIL  (APO-)  infection  at  lower  levels  (2.8  +  0.1-fold). 
Expression  of  genes  encoding  other  caspases  was  not  signifi¬ 
cantly  altered  following  reovirus  infection,  including  that  of 
caspases  2,  4,  5,  6,  8,  9,  and  10  (Table  3).  Caspases  11, 12, 13, 
and  14  were  not  represented  on  the  U95A  microarray. 

Because  of  the  importance  and  central  role  of  caspase  3  as 
a  common  effector  in  death  receptor,  mitochondrial,  and  ER 
and  Golgi  apoptotic  signaling  pathways,  we  wished  to  confirm 
the  increased  expression  of  this  gene  by  using  RT-PCR.  Cas¬ 
pase  3  expression  was  increased  over  expression  levels  in 
mock-infected  cells  at  24  h  post-T3A  (APO+)  infection  (Fig. 
2),  thus  confirming  results  obtained  via  oligonucleotide  micro¬ 
arrays.  Although  not  detected  by  microarray  analysis,  caspase 
3  expression  was  noted  to  be  decreased  at  12  h  post-T3A 
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(AP04-)  infection,  preceding  the  increase  seen  at  24  h  postin¬ 
fection. 

These  results  suggest  that  although  caspase  activity  is  clearly 
modulated  at  the  protein  level  following  reovirus  infection, 
transcriptional  upregulation  of  genes  encoding  effector  cas- 
pases  may  also  play  a  role  in  effecting  reovirus-induced  apo- 
ptotic  injury.  The  fact  that  caspase  3  transcripts  were  noted  to 
initially  decrease  at  12  h  postinfection  and  then  increase  at  24  h 
postinfection  indicates  that  transcriptional  regulation  is  likely  a 
complex  and  dynamic  process  that  is  tightly  linked  to  rapid 
changes  in  caspase  protein  levels  and  states  within  infected 
cells. 

Reovirus-induced  alteration  in  expression  of  genes  related 
to  DNA  repair.  DNA  damage  is  one  of  the  basic  stimuli  that 
induces  apoptosis.  Cells  have  evolved  complex  mechanisms  for 
sensing  both  single-strand  and  double-strand  DNA  breaks  and 
initiating  their  repair  (67).  Expression  of  14  genes  encoding 
multiple  classes  of  DNA  repair  enzymes  was  altered  in  T3A 
(APO+)-infected  cells  (Table  2).  For  9  of  these  14  genes, 
significant  alteration  (>2-fold)  in  expression  was  not  apparent 
until  24  h  postinfection,  and  11  of  these  14  alterations  repre¬ 
sented  downregulation  of  expression.  Transcription  of  DNA 
repair  genes  was  not  altered  following  TIL  (APO^)  infection. 
This  global  transcriptional  downregulation  of  multiple  classes 
of  DNA  repair  enzymes  following  T3A  (APO+)  infection, 
which  ranged  from  two-  to  eightfold,  has  not  previously  been 
appreciated. 

Among  downregulated  DNA  repair  enzymes,  expression  of 
poly(ADP-ribosyl)-transferase  (PARPL)  was  decreased  6.3  ± 
0.7-fold,  XP-C  repair  complementing  protein  125  was  de¬ 
creased  3.4  ±  0,1-fold,  and  DNA  polymerase  a  was  decreased 
2.5  ±  0.2-fold  compared  to  expression  levels  in  mock-  or  TIL- 
infected  cells.  We  used  RT-PCR  to  confirm  transcriptional 
alterations  following  T3A  (APO+)  infection  compared  to 
mock  and  TIL  (APO-)  infection  in  these  three  DNA-repair 
enzymes  (Fig.  3).  Transcripts  for  XP-C  and  DNA  polymerase 
a  were  decreased  at  12  and  24  h  post-T3A  (APO+)  infection, 
and  PARPL  was  downregulated  at  24  h  post-T3A  (APO+) 
infection,  thus  confirming  the  decreases  in  expression  detected 
by  microarray  analysis.  In  contrast,  in  TIL  (APO-’)-infected 
cells,  transcripts  for  PARPL  were  unchanged,  transcripts  for 
XPC  were  only  minimally  decreased  (much  less  so  than  the 
dramatic  reductions  seen  in  T3A  [APO+]-infected  cells),  and 
transcripts  for  DNA  polymerase  a  were  increased. 

These  results  suggest  that,  as  well  as  directly  stimulating 
proapoptotic  signaling  pathways,  T3A  (APO+)  reovirus  infec¬ 
tion  may  also  facilitate  apoptosis  by  downregulating  the  host 
cell’s  transcription  of  genes  encoding  proteins  that  have  the 
capacity  to  repair  DNA  damage. 

Translation  of  microarray  data  into  the  in  vivo  model  of 
reovirus-induced  myocarditis.  Although  changes  in  mRNA 
levels  do  not  necessarily  represent  changes  in  protein  expres¬ 
sion,  we  next  investigated  whether  previously  unrecognized 
changes  in  gene  expression  identified  by  microarray  analysis  of 
reovirus-infected  cells  in  vitro  could  be  directly  translated  into 
delineation  of  pathogenic  mechanisms  of  reovirus-induced  apo¬ 
ptosis  in  vivo.  Specifically,  we  wished  to  determine  if  an  ob¬ 
served  alteration  in  gene  expression  would  be  predictive  of 
changes  in  expression  of  the  relevant  protein  in  a  model  of 
reovirus-induced  tissue  injury  characterized  by  apoptosis.  To 
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FIG.  3.  Genes  encoding  DNA  repair  proteins  are  differentially  ex¬ 
pressed  following  reovirus  infection.  HEK293  cells  were  either  mock 
(-)  or  T3A  (+)  infected  at  an  MOI  of  100  PFU  per  cell,  and  mRNA 
was  collected  at  6, 12,  and  24  h  postinfection.  HEK293  cells  were  also 
infected  with  TIL  at  an  MOI  of  ,100  PFU  per  cell,  with  mRNA  col¬ 
lected  at  24  h  postinfection.  Samples  were  analyzed  by  semiquantita- 
tive  RT-PCR  for  expression  of  selected  transcripts  encoding  proteins 
important  for  DNA  repair. 


this  end,  we  analyzed  murine  myocardial  tissue  following  reo¬ 
virus  strain  8B  infection,  since  8B  is  efficiently  myocarditic  in 
neonatal  mice  (74),  and  we  have  previously  shown  that  apo¬ 
ptosis  is  an  important  component  of  myocardial  tissue  injury 
following  8B  infection  (18). 

Altered  expression  of  genes  encoding  Bcl-2  regulatory  pro¬ 
teins  (which  have  an  impact  on  mitochondrial  apoptotic  sig¬ 
naling)  were  among  the  most  abundant  changes  detected  by 
microarray  analysis.  We  selected  one  of  these  BcI-2  regulatory 
proteins,  SMN,  for  analysis  in  vivo,  since  transcripts  for  SMN 
were  noted  to  be  selectively  increased  at  24  h  following  infec¬ 
tion  with  the  apoptosis-inducing  strain  in  the  microarray  ex¬ 
periment,  and  this  result  was  confirmed  by  RT-PCR.  We  there¬ 
fore  analyzed  myocardial  tissues  from  reovirus  8B-infected 
mice  by  immunohistochemistry  on  days  1  to  7  postinfection  for 
expression  of  SMN  in  relation  to  histologic  evidence  of  virus- 
induced  apoptotic  tissue  damage.  SMN  was  maximally  ex¬ 
pressed  within  myocardial  lesions  in  temporal  and  spatial  con¬ 
cordance  with  histologically  detectable  apoptotic  myocardial 
injury  on  days  7  and  8  postinfection  (Fig.  4).  SMN  was  not 
detected  in  myocardial  tissue  without  evidence  of  apoptotic 
myocardial  injuiy  on  days  1,  3,  and  5  postinfection,  nor  was 
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FIG.  4.  SMN  expression  is  increased  in  reovirus  SB-infected  myocardial  tissues,  coincident  with  myocardial  apoptotic  injury.  Neonatal 
Swiss-Webster  mice  were  intramuscularly  infected  with  1,000  PFU  of  8B  virus.  Myocardial  tissues  were  analyzed  on  days  1  to  7  postinfection  for 
histologic  evidence  of  myocarditis  as  well  as  for  expression  of  SMN  by  immunohistochemistiy,  since  We  have  previously  shown  that  apoptotic 
myocardial  injury  is  detected  at  7  days  postinfection  in  this  model.  SMN  protein  was  detected  (brOwn  stain)  in  infected  myocardial  tissue  beginning 
on  day  7  postinfection  (at  the  time  that  histologic  evidence  of  myocarditis  was  detected,  within  discrete  myocardial  lesions).  Neither  SMN  nor 
evidence  of  myocardial  injury  was  detected  at  earlier  time  points  postinfection,  as  demonstrated  on  days  3  and  5  postinfection.  Original 
magnification,  x40. 


it  detected  in  tissues  from  mock-infected  animals.  The  signif¬ 
icance  of  SMN  upregulation  within  injured  myocardial  tissue  is 
being  investigated  further.  However,  these  results  illustrate 
that  microarray  analysis  of  transcriptional  changes  following 
reovirus  infection  may  provide  a  useful  springboard  toward  the 
delineation  of  criticzil  virus-induced  pathogenic  signaling  path¬ 
ways  that  are  operative  at  the  protein  level. 

DISCUSSION 

Transcriptional  changes  related  to  apoptosis.  Using  high- 
throughput  microarray  analysis,  we  now  demonstrate  that  re¬ 
ovirus  infection  is  associated  with  differential  expression  of 
genes  encoding  proteins  that  participate  in  apoptotic  signaling, 
including  death  receptor-,  mitochondrion-,  and  ER  stress-me¬ 
diated  pathways  as  well  as  DNA  repair.  These  results  represent 


the  first  large-scale  description  of  virus-induced  alterations  in 
apoptotic  signaling  at  the  transcriptional  level,  including  the 
kinetics  of  these  changes  following  infection  with  viral  strains 
that  differ  in  apoptosis-inducing  phenotype.  The  fact  that  the 
majority  of  these  alterations  occurred  preferentially  in  T3A 
(APO+)-  and  not  TIL  (APO-)-infected  cells  suggests  that 
interpretation  of  these  alterations  may  provide  important  in¬ 
sight  into  critical  mechanisms  of  reovirus-induced  pathogene¬ 
sis. 

Microarray  analysis  has  been  increasingly  utilized  to  inves¬ 
tigate  global  transcriptional  alterations  following  viral  infec¬ 
tion  of  many  types,  including  human  immunodeficiency  virus 
(20,  83),  herpesviruses  (i.e.,  herpes  simplex  virus,  varicella- 
zoster  virus,  Epstein-Barr  virus,  cytomegalovirus,  and  Kaposi's 
sarcoma-associated  herpesvirus)  (10,  29,  36,  39,  90,  93),  rota¬ 
virus  (17),  Sindbis  virus  (38),  hepatitis  B  (32)  and  C  (5)  viruses. 
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FIG.  5.  Schematic  of  mitochondrion-  and  death  receptor-related 
transcriptional  alterations  detected  by  microarray  analysis  following 
reovirus  infection.  Transcripts  that  were  differentially  expressed  in 
HEK293  cells  following  reovirus  infection  compared  to  mock  infection 
are  indicated  in  boldface  type.  Please  see  Discussion  for  details  of  each 
indicated  transcript. 


measles  virus  (8),  influenza  vims  (23),  enterovims  (63),  and 
papillomavims  (55).  Although  several  groups  have  reported 
isolated  alterations  in  transcription  of  genes  related  to  apopto- 
tic  signaling  following  viral  infection,  none  of  these  studies  was 
specifically  designed  to  understand  the  Specific  pathogenic 
mechanisms  by  which  apoptosis-inducing  vimses  i^ct  dam¬ 
age  on  infected  cells.  In  a  comparison  of  two  strains  of  Sindbis 
vims  that  differed  in  neurovimlence,  differential  transcrip¬ 
tional  alteration  of  several  genes  related  to  mitochondrial  apo- 
ptotic  signaling  was  noted,  including  Bcl-2  family  members 
mcl~ly  bfl-1,  and  PBR  (38).  Transcriptional  alteration  of  genes 
related  to  mitochondrial  apoptotic  signaling,  including  cyto¬ 
chrome  c  and  inhibitors  of  apoptosis  was  also  reported  follow¬ 
ing  rotavims  infection  of  caco-2  cells  (17).  Altered  transcripts 
for  several  members  of  death  receptor-mediated  signaling 
pathways  were  reported  following  hepatitis  C  infection  of 
hepatocytes  (5),  including  TRAIL,  TNF-R,  and  Fas.  Likewise, 
TRAIL  and  Fas  transcripts  were  altered  in  a  study  of  papillo¬ 
mavirus  infection  of  cervical  keratinocytes  (55).  Altered  tran¬ 
scripts  for  caspase  8  and  TRAF4,  known  to  be  involved  in 
death  receptor  signaling,  have  also  been  reported  following 
varicella-zoster  vims  infection  of  skin  fibroblasts  (39).  In  ad¬ 
dition  to  these  alterations,  several  groups  have  noted  transcrip¬ 
tional  alteration  in  genes  encoding  serpins,  which  are  known  to 
inhibit  caspases  (17,  39).  Transcripts  for  NF-kB  and  c-Jun — 
which  have  been  linked  to  apoptotic  signaling  pathways — ^have 
also  been  altered  following  several  types  of  viral  infection. 

Our  study  is  the  first  that  was  specifically  designed  to  dissect 
vims-induced  iteration  in  apoptosis-related  transcription  and 
the  first  to  report  alteration  in  coordinated  groups  of  genes 
with  relevance  to  several  major  apoptotic  signaling  pathways, 
as  well  as  being  the  first  to  mention  global  (or  even  isolated) 
downregulation  of  DNA  repair  gene  transcripts  following  viral 
infection.  The  potential  implications  of  identified  transcrip¬ 


tional  alterations  are  discussed  in  further  detail  below.  Sche¬ 
matics  that  summarize  the  apoptosis-related  transcriptional 
changes  identified  following  reovims  infection  are  depicted  in 
Fig.  5  (mitochondrial  and  death  receptor  signaling)  and  Fig.  6 
(ER  stress  and  death  receptor  signaling)  for  reference  in  this 
discussion. 

Death  receptor  pathways.  Members  of  the  TNF  receptor 
superfamily  of  cell  surface  death  receptors — specifically  DR4, 
DR5  and  their  apoptosis-inducing  ligand,  TRAIL — ^play  a  crit¬ 
ical  role  in  reovims-induced  apoptosis  in  HEK293  cells  (11). 
We  did  not  detect  significant  alteration  in  the  expression  of  any 
TNF  receptor  superfamily  members  or  their  ligands  by  mi¬ 
croarray  analysis,  but  we  did  detect  upregulation  of  transcripts 
for  DR4  and  downregulation  of  the  decoy  receptor  DcR-2  by 
RT-PCR.  This  suggests,  with  the  possible  exception  of  DR4 
and  DcR-2,  that  reovims  activation  of  death  receptor  pathways 
does  not  involve  changes  in  gene  expression  but  rather  occurs 
predominantly  at  the  protein  level.  However,  microarray  anal¬ 
ysis  did  detect  alteration  in  the  expression  of  genes  encoding 
BCL-10,  PML-2,  and  ceramide  glucosyltransferase.  The  pro¬ 
teins  encoded  by  these  genes  can  modulate  death  receptor 
signaling,  suggesting  that  reovims-induced  alterations  in  ex¬ 
pression  of  these  genes  might  influence  death  receptor  signal¬ 
ing  cascades. 

Bcl-10  (derived  from  B-cell  malt  lymphomas)  binds  to 
TRAF2,  a  key  accessory  mediator  of  TNF-R  signaling  (78, 91). 
This  binding  can  perturb  TRAF-related  activation  of  mitogen- 
activated  protein  kinases  (MAPK),  including  INK,  and  can 
induce  the  activation  of  the  transcription  factor  NF-kB  (25, 76, 
78,  87,  91,  92).  Bcl-10  contains  a  caspase  activation  and  re- 
cmitment  domain  and  can  bind  to  procaspase-9,  thereby  pro¬ 
moting  its  autoproteolytic  activation  (45,  76,  92).  Overexpres¬ 
sion  of  Bcl-10  induces  apoptosis  in  a  variety  of  cells,  including 
HEK293  cells  (92),  and  it  may  provide  a  potential  link  between 
the  capacity  of  reovimses  to  activate  INK  cascades,  activate 
the  transcription  factor  NF-kB,  and  induce  apoptosis.  PML-2 
(encoded  by  the  acute  promyelocytic  leukemia  gene)  has  been 


FIG.  6.  Schematic  of  ER  stress-related  transcriptional  alterations 
detected  by  microarray  analysis  following  reovirus  infection.  Tran¬ 
scripts  that  were  differentially  expressed  in  HEK293  cells  following 
reovirus  infection  compared  to  mock  infection  are  indicated  in  bold¬ 
face  type.  Please  see  Discussion  for  details  of  each  indicated  transcript. 
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shown  to  enhance  activation  of  death  receptor-mediated  path¬ 
ways  involving  Fas-Fas  ligand  and  TNF  and  TNF-R  (84,  85), 
suggesting  the  possibility  that  it  could  also  potentiate  signaling 
through  DR4  and  DR5.  The  mechanism  of  action  of  PML  is 
unclear  but  appears  to  involve  the  activation  of  effector  cas- 
pases,  including  Caspase  3  (85).  Ceramide  has  been  implicated 
as  an  important  signaling  intermediary  involved  in  both  Fas- 
Fas  ligand-mediated  apoptosis  and  activation  of  MAPK  cas¬ 
cades  (27, 56,  62)  Although  expression  of  genes  encoding  cer¬ 
amide  synthesis  were  not  altered  in  infected  cells,  the  gene 
encoding  ceramide  glucosyltransferase  was  upregulated.  This 
enzyme  catalyzes  the  initial  glycosylation  step  in  glycosphingo- 
lipid  synthesis  to  produce  glucosylceramide,  and  its  upregula- 
tion  could  potentially  enhance  ceramide  signaling. 

Bcl-2  and  mitochondrial  signaling  pathways.  Pro-  and  anti- 
apoptotic  members  of  the  Bcl-2  family  interact  at  the  surface  of 
the  mitochondria,  where  complex  homo-  and  heterodimeric 
interactions  regulate  release  of  proapoptotic  molecules  includ¬ 
ing  cytochrome  c,  Smac/DIABIX),  and  apoptosis-inducing  fac¬ 
tor  (28).  Reovirus  infection  is  associated  with  release  of  cyto¬ 
chrome  c  from  the  mitochondria  into  the  cytoplasm  and  with 
activation  of  caspase  9  (43).  Stable  overexpression  of  the  anti- 
apoptotic  molecule  Bcl-2  inhibits  reovirus-induced  apoptosis 
in  both  MDCK  (69)  and  HEK293  cells  (43, 44).  These  results 
suggest  that,  in  order  to  induce  apoptosis,  reovirus  must  over¬ 
come  the  antiapoptotic  effects  of  Bcl-2  and  related  family 
members  in  order  to  activate  mitochondrial  apoptotic  path¬ 
ways. 

Genes  encoding  several  proteins  that  inhibit  the  activity  of 
Bcl-2  and  therefore  facilitate  apoptosis  were  found  to  be  up- 
regulated  in  reovirus-infected  cells.  These  included  Par-4, 
DRAK-2,  DP5,  and  BNIP-1.  Par-4  was  initially  identified  in 
prostate  tumor  cells  undergoing  apoptosis  but  is  widely  ex¬ 
pressed  in  human  tissues  (50).  Although  the  exact  mechanism 
of  action  of  Par-4  is  not  known,  it  can  facilitate  apoptosis  by 
suppression  of  Bcl-2  expression,  inhibition  of  NF-kB  activa¬ 
tion,  and  activation  of  caspase  8  (2,  9,  21).  DRAK-2  is  a 
member  of  a  novel  family  of  nuclear  serine-threonine  kinases 
that  can  induce  apoptosis  (72).  These  kinases  are  known  to 
associate  with  Par-4,  and  coexpression  of  Par-4  and  the  Zip 
kinase  (42)  (related  to  DRAK-2)  enhances  apoptosis  (60). 
DP-5  (a  death-promoting  gene)  contains  a  BID  domain  that 
allows  it  to  interact  with  Bcl-2  family  proteins.  Overexpression 
of  DP5  induces  apoptosis  in  a  variety  of  cells  (33,  34).  DP5 
activation  is  linked  with  calcium  release  from  ER  stores,  sug¬ 
gesting  that  DP-5  may  play  a  role  as  a  link  between  ER  stress- 
induced  and  mitochondrial  apoptotic  pathways  (33).  BNIP-1  is 
a  member  of  a  novel  BH3  domain-containing  protein  family 
that  interacts  with  both  Bcl-2  and  Bcl-xL  to  inhibit  their  anti¬ 
apoptotic  actions,  thereby  enhancing  apoptosis  induction  (49). 

In  addition  to  the  upregulation  of  transcripts  encoding  Bcl- 
2-inhibitory  proteins,  downregulation  of  transcripts  encoding 
proteins  that  promote  BcI-2  activity  could  contribute  to  pro¬ 
motion  of  apoptosis  following  reovirus  infection.  Pirn  2  proto¬ 
oncogene  homologue  is  a  serine-threonine  kinase  that  is  highly 
expressed  in  a  variety  of  tissues  that  may  play  an  antiapoptotic 
role  by  enhancing  Bcl-2  expression  (3, 75).  It  is  one  of  the  few 
apoptosis  regulatory  genes  that  was  downregulated  following 
reovirus  infection.  Since  the  Pirn  2  gene  product  enhances 
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FIG.  7.  Transcriptional  regulation  of  Bcl-2  modulatory  proteins  is  a 
central  theme  in  reovirus-induced  apoptosis.  Expression  of  eight  tran¬ 
scripts  encoding  proteins  known  to  influence  Bcl-2  activity  was  altered 
following  reovirus  infection.  The  predicted  result  of  the  observed  tran¬ 
scriptional  alterations  would  be  net  inhibition  of  Bcl-2,  and  thus  pro¬ 
motion  of  apoptosis,  in  reovirus-infected  cells.  Please  see  Discussion 
for  details  of  each  indicated  transcript. 


Bcl-2  expression,  its  downregulation  might  reduce  levels  of 
Bcl-2  in  infected  cells  and  thereby  enhance  apoptosis. 

In  parallel  with  these  transcriptional  alterations  with  ex¬ 
pected  anti-Bcl-2  implications,  alterations  were  also  noted  in 
expression  of  transcripts  encoding  proteins  expected  to  pro¬ 
mote  the  action  of  Bcl-2  and  block  apoptosis.  Genes  encoding 
two  proteins  that  may  act  as  positive  modulators  of  Bcl-2 — 
SMN  and  SIP — were  found  to  be  upregulated  following  reo¬ 
virus  infection.  SMN  interacts  with  Bcl-2  to  enhance  its  anti¬ 
apoptotic  activity  (35).  SIP-1  interacts  with  SMN  to  form  a 
heterodimeric  complex  (22a).  Coexpression  of  SMN  and  Bcl-2 
provides  a  synergistic  protective  effect  against  Bax-induced  or 
Fas-mediated  apoptosis  (35,  73).  Expression  of  the  gene  en¬ 
coding  the  Bcl-2  family  member  MCI^l  was  also  upregulated 
following  reovirus  infection.  MCI^l  may  exert  either  pro-  or 
antiapoptotic  activity  by  modulation  of  the  activity  of  Bcl-2  or 
by  acting  independently  (6). 

Taken  together,  these  results  suggest  a  model  in  which  reo¬ 
virus  infection  is  associated  with  the  altered  expression  of  mul¬ 
tiple  modulators  of  Bcl-2  in  infected  host  cells,  with  the  bal¬ 
ance  tipped  toward  genes  encoding  proteins  that  would  be 
predicted  to  inhibit  Bcl-2  activity  and  thereby  promote  apo¬ 
ptosis  (Fig.  7).  Although  changes  in  mRNA  levels  do  not  nec¬ 
essarily  predict  changes  in  protein  expression,  we  demon¬ 
strated  that  at  least  one  of  these  proteins,  SMN,  is  altered  in 
vivo  in  a  biologically  relevant  model  of  reovirus  infection,  in 
close  temporal  and  spatial  association  with  evidence  of  virus- 
induced  apoptotic  myocardial  tissue  injury. 

In  addition  to  the  modulatory  struggle  at  the  Bcl-2  level, 
alteration  of  a  transcript  encoding  a  protein  with  a  separate 
role  in  mitochondrial  apoptotic  signaling  was  detected.  HSP-70 
homologue  expression  was  increased  following  reovirus  infec¬ 
tion.  HSP-70  is  an  antiapoptotic  chaperone  protein  (52)  that 
inhibits  mitochondrial  release  of  cytochrome  c  and  blocks  the 
recruitment  of  procaspase  9  to  the  apoptosome  complex  (4, 47, 
71).  Although  the  cellular  actions  of  HSP-70  are  predomi¬ 
nantly  antiapoptotic,  the  protein  also  plays  a  role  during  reo¬ 
virus  replication  in  facilitating  the  trimerization  of  the  reovirus 
0-1  protein  (46).  Since  this  protein  is  a  critical  determinant  of 
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reovirus  apoptosis  and  reovirus-induced  activation  of  specific 
MAPK  signaling  cascades  (13),  HSP-70  homologue  may  also 
facilitate  apoptosis  through  its  actions  during  virion  assembly. 

ER  stress  pathways.  The  accumulation  of  abnormal  quanti¬ 
ties  of  protein  or  of  malfolded  proteins  in  the  Golgi  apparatus 
or  ER  may  trigger  kinase  cascades  that  result  in  the  activation 
of  caspase  12  (7,  53,  54).  This  initiator  caspase  triggers  activa¬ 
tion  of  effector  caspases,  such  as  caspase  3.  One  of  the  cellular 
markers  of  Golgi  and  ER  stress  is  an  increase  in  the  quantities 
of  specific  GADD  proteins  such  as  GADD  135/CHOP  (41, 
94).  Expression  of  genes  encoding  two  of  the  five  currently 
described  members  of  the  GADD  family,  GADD  34  and 
GADD  45,  were  increased  following  reoviral  infection.  These 
genes  were  the  earliest  ones  found  to  be  significantly  upregu- 
lated  following  reovirus  infection.  The  upregulation  of  ER 
stress  apoptosis-inducing  transcripts  was  complemented  by 
downregulated  expression  of  the  gene  for  ORP  150,  which 
encodes  a  protein  involved  in  refolding  malfolded  protein  tran¬ 
scripts  within  the  ER  (32a).  In  addition  to  a  potential  role  for 
GADD  34  for  ER  stress-mediated  pathways,  GADD  34  induc¬ 
tion  parallels  that  of  BAX  in  other  models  of  apoptosis  (30), 
thus  suggesting  a  possible  link  to  mitochondrion-regulated  apo¬ 
ptosis  signaling  pathways,  which  are  known  to  play  an  impor¬ 
tant  role  in  reoviral  infection.  These  results  suggests  that  ER 
stress  pathways  may  be  activated  as  an  early  event  following 
reoviral  infection  and  that  ER  stress-induced  apoptotic  signal¬ 
ing  may  contribute  to  reovirus-induced  apoptosis.  However, 
the  fact  that  altered  gene  expression  occurred  following  both 
TIL  (APO“)  and  T3A  (AP04‘)  infection  [although  at  lower 
levels  in  TIL  (APO-)  infection]  suggests  the  possibility  that 
this  pathway  may  play  a  less-critical  role  in  determining  virus- 
induced  apoptotic  injuiy  and  rather  is  activated  as  a  nonspe¬ 
cific  cellular  response  to  reoviral  infection. 

Cysteine  proteases.  Death  receptor,  mitochondrial,  and 
Golgi  and  ER  pathways  of  apoptosis  all  initiate  the  activation 
of  specific  initiator  caspases,  which  in  turn  trigger  the  activa¬ 
tion  of  a  limited  set  of  downstream  effector  caspases,  including 
caspase  3.  Caspases  3, 8,  and  9  are  all  activated  during  reovirus 
infection  (43),  and  inhibition  of  this  activation  inhibits  reovi¬ 
rus-induced  apoptosis.  Expression  of  the  genes  encoding  cas¬ 
pases  3  and  7  were  increased  following  reovirus  infection.  This 
suggests  that,  as  well  as  inducing  the  activation  of  specific 
caspases  at  the  posttranslational  level,  reovirus  infection  also 
results  in  upregulation  of  caspase  gene  expression  that  would 
be  predicted  to  increase  the  levels  of  key  effector  caspases  in 
infected  cells. 

We  have  previously  shown  that  the  cysteine  protease  calpain 
is  also  activated  in  reovirus-infected  fibroblasts  and  myocard- 
ioqtes  in  vitro  (19)  and  in  the  heart  in  vivo  (18).  This  activa¬ 
tion  appears  to  be  an  extremely  early  event  that  can  be  de¬ 
tected  as  early  as  30  min  following  infection  of  cells  with 
purified  virus.  Inhibition  of  calpain  activation  inhibits  apopto¬ 
sis  and  reduces  reovirus-induced  cytopathic  effects  in  vitro  and 
prevents  reovirus-induced  apoptotic  myocardial  injury  in  vivo 
(18).  The  mechanism  for  the  proapoptotic  actions  of  calpains  is 
not  fully  understood  but  may  involve  activation  of  and  activa¬ 
tion  by  several  caspases  (40, 51, 53, 66, 70, 88).  Calpain  can  also 
facilitate  activation  of  NF-kB  by  degrading  its  cytoplasmic  in¬ 
hibitor,  IkB  (1). 

Surprisingly,  rather  than  being  upregulated,  the  expression 
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of  the  gene  encoding  calpain  was  downregulated  in  reovirus- 
infected  cells.  This  downregulation  was  apparent  only  at  24  h 
postinfection  and  could  potentially  represent  a  negative  feed¬ 
back  response  to  calpain  activation  at  the  protein  level:  initial 
increases  in  calpain  activity  in  infected  cells  could  potentially 
be  countered  by  downregulation  of  calpain  expression  at  the 
transcriptional  level  at  later  time  points. 

Transcriptional  changes  related  to  DNA  repair.  Expression 
of  transcripts  encoding  multiple  classes  of  DNA  repair  en¬ 
zymes  was  decreased  following  T3A  (APO+) — ^but  not  TIL 
(APO“) — ^reovirus  infection.  Most  DNA  repair  mechanisms 
involve  a  recognition  step  in  which  single-  or  double-stranded 
DNA  breaks  are  identified,  followed  by  the  sequential  action 
of  helices  that  imwind  damaged  segments,  nucleases  that  incise 
the  damaged  region,  polymerase  that  resynthesizes  DNA,  and 
ligases  that  repair  DNA  strand  breaks.  Failure  of  any  of  these 
steps  can  result  in  accumulation  of  DNA  damage  and  the 
subsequent  induction  of  apoptosis  (67). 

DNA  nucleotide  mismatches  or  mutations  are  recognized  by 
a  mismatch-binding  factor  that  consists  of  two  distinct  pro¬ 
teins — ^hMSH2  and  G/T  mismatch  binding  protein  (GTBP) — 
both  of  which  are  required  for  mismatch-specific  binding  (61). 
The  gene  encoding  GTBP  was  downregulated  >2-fold  at  both 
12  and  24  h  post-T3A  (APO+)  infection.  Downregulation  of 
GTBP  would  be  expected  to  impede  recognition  of  single¬ 
strand  DNA  breaks  or  mutations  that  distort  the  structure  of 
the  DNA  helix. 

Once  damage  has  been  sensed,  helicases  unwind  damaged 
DNA  as  a  precursor  to  excision  of  the  damaged  segments. 
RAD54  homologue,  Mi2  autoantigen,  and  helicase-like  pro¬ 
tein  are  three  helicases  (26)  whose  transcripts  were  down¬ 
regulated  following  reovirus  infection.  Genes  encoding  two 
nucleotide  excision  repair  enzymes,  ERCC5  and  XP-C  repair¬ 
complementing  protein  pl25,  were  both  downregulated  follow¬ 
ing  T3A  (APO+)  reovirus  infection.  These  enzymes  are  in¬ 
volved  in  repairing  single-strand  DNA  breaks  or  in  repairing 
nucleotide  mutations  that  distort  the  structure  of  the  DNA 
helix  (67).  Damaged  DNA  binding  protein  2  (DDB2)  may  also 
play  a  role  in  nucleotide  excision  repair  (95) — and  like  ERCC5 
and  XP-C  repair-complementing  protein  pl25,  expression 
of  genes  encoding  DDB2  was  also  downregulated  in  T3A 
(APO+)-infected  cells. 

Once  damage  is  recognized,  the  helix  is  unwound,  the  dam¬ 
aged  area  is  excised,  and  new  DNA  synthesis  is  required  to 
replace  the  damaged  nucleotides.  At  least  nine  DNA  poly¬ 
merases  involved  in  various  aspects  of  DNA  replication  and 
repair  have  been  identified  in  eukaryotes  (31).  DNA  polymer¬ 
ase  a  and  DNA  polymerase  y  transcripts  were  both  downregu¬ 
lated  following  T3A  (APO+)  reovirus  infection.  DNA  poly¬ 
merase  a  is  primarily  required  for  DNA  replication  but  also 
interacts  with  and  coordinates  other  DNA  polymerases  and 
cellular  factors  required  for  DNA  repair.  DNA  polymerase  y  is 
the  sole  polymerase  required  for  mitochondrial  replication  and 
plays  an  important  role  in  the  efficient  repair  of  mismatched 
DNA  in  vitro  as  well  as  in  the  repair  of  damaged  DNA  (31, 89). 

Following  DNA  synthesis,  the  repaired  segment  must  be 
religated  with  the  rest  of  the  helix.  DNA  ligases  promote  the 
rejoining  of  both  double-  and  single-stranded  DNA  breaks  (37, 
77).  Expression  of  the  gene  encoding  DNA  ligase  1  showed  the 
most  change  in  expression  of  any  DNA  repair-related  gene 
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analyzed  (downregulated  8.2  ±  1.1-fold  at  24  h  post-T3A  in¬ 
fection).  The  second-largest  change  in  gene  expression  follow¬ 
ing  T3A  reovirus  infection  was  that  of  PARPL.  PARPL  at¬ 
taches  poly(ADP-ribose)  chains  to  damaged  DNA,  a  process 
termed  ribosylation.  Ribosylation  is  a  key  step  during  DNA 
repair  and  transcription  that  prevents  binding  of  transcription 
factors  to  regions  of  damaged  DNA  (48).  Thus,  PARPL  may 
serve  as  a  molecular  switch  between  transcription  and  repair  of 
DNA  to  avoid  expression  of  damaged  genes  (59). 

The  downregulation  of  genes  encoding  DNA  damage  and 
repair  has  not  previously  been  appreciated  ais  a  consequence  of 
reoviral  infection.  The  fact  this  global  downregulation  oc¬ 
curred  following  T3A  (APO+)  and  not  TIL  (APO-)  reovirus 
infection  suggests  that,  as  well  as  directly  stimulating  proapo- 
ptotic  signaling  pathways,  T3A  reovirus  infection  may  result  in 
signaling  pathways  that  facilitate  apoptosis  by  hampering  the 
capacity  of  the  host  cell  to  repair  DNA  damage. 

Regulatory  mechanisms  involved  in  apoptosis,  DNA  repair, 
and  cell  cycle  regulation  are  highly  integrated  and  involve  a 
number  of  overlapping  and  intersecting  signaling  pathways  and 
proteins.  Expression  analysis  performed  by  using  high-density 
oligonucleotide  arrays  provides  a  unique  opportunity  to  inves¬ 
tigate  the  complex  mechanisms  responsible  for  pathogenic 
effects  in  reovirus-infected  cells  and  tissues.  Transcriptional 
analysis  may  not  only  be  directly  translatable  into  in  vivo  mod¬ 
els  of  myocarditis  and  encephalitis,  but  more  importantly,  it 
may  provide  testable  hypotheses  that  may  not  have  been  ex¬ 
plored  in  the  absence  of  a  large-scale  analysis  of  multiple 
concurrent  signaling  networks.  Work  is  in  progress  to  further 
investigate  the  models  suggested  in  this  report  by  manipulating 
genes  with  potentially  central  themes  and  observing  effects  on 
apoptosis  and  cell  cycle  arrest  as  well  as  effects  on  signaling 
cascades  known  to  be  operative  in  the  reovirus  model. 
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Herein,  we  define  how  MEKKl,  a  MAPK  kinase 
kinase,  regulates  cell  migration.  MEKKl  is  associated 
with  actin  fibers  and  focal  adhesions,  localizing 
MEKKl  to  sites  critical  in  the  control  of  cell  adhesion 
and  migration.  EGF-induced  ERKl/2  activation  and 
chemotaxis  are  inhibited  in  MEKKl-V-  fibroblasts. 
MEKKl  deficiency  causes  loss  of  vinculin  in  focal 
adhesions  of  migrating  cells,  increased  cell  adhesion 
and  impeded  rear-end  detachment  MEKKl  is 
required  for  activation  of  the  cysteine  protease  calpain 
and  cleavage  of  spectrin  and  talin,  proteins  linking 
focal  adhesions  to  the  cytoskeleton.  Inhibition  of 
ERKiy2  or  calpain,  but  not  of  JNK,  mimics  MEKKl 
deficiency.  Therefore,  MEKKl  regulates  calpain- 
mediated  substratum  release  of  migrating  fibroblasts. 
Keywords:  calpain/MEKKl/rear-end  detachment 


Introduction 

Cell  migration  involves  at  least  four  basic  components: 
extension  of  the  leading  edge,  adherence  to  the  substratum, 
release  of  adherence  at  the  trailing  edge  and  retraction  of 
the  trailing  uropod.  While  adherence  is  necessary  to  exert 
force  on  a  surface  and  produce  forward  movement,  release 
of  adherence  at  the  uropod  must  occur  for  cell  migration  to 
continue.  Control  of  adherence,  and  release  thereof,  is  thus 
a  critical  regulatory  function  for  migrating  cells.  'Pereas 
extension  and  adherence  have  been  studied  extensively, 
few  proteins  have  been  characterized  as  regulators  of  the 
adhesion-release  process  during  cell  migration.  Recently, 
the  cysteine  proteinase  calpain  has  emerged  as  an  import¬ 
ant  regulator  of  cell  adhesion  (Huttenlocher  et  aL,  1997; 
Bialkowska  et  aL,  2000).  Originally  referred  to  as  Ca^^- 
dependent  neutral  protease  (Beckerle  et  al,  1987),  the 
calpain  family  includes  two  ubiquitously  expressed  iso¬ 
forms,  p-  and  m-calpain  (murine  calpains  1  and  2, 
respectively)  (Huang  and  Wang,  2001).  Calpains  have 


been  suspected  to  regulate  cell  adhesion  due  to  their  ability 
to  cleave  several  focal  adhesion  and  cytoskeletal  proteins 
(Pfaff  et  aL,  1999;  Wang  and  Yuen,  1999).  Further, 
calpain  has  been  shown  to  be  associated  with  cell  adhesion 
complexes  (Beckerle  et  aL,  1987),  and  calpain-deficient 
fibroblasts  ^splay  inhibited  migration  (Arthur  et  aL,  2000; 
Dourdin  et  aL,  2001).  Qverexpression  of  the  calpain 
inhibitor  calpastatin  also  impairs  cell  detachment  and 
migration  (Potter  et  aL,  1998).  Calpain  has  been  proposed 
to  regulate  cell  detachment  through  proteolytic  cleavage  of 
adhesion  complex  proteins  in  the  trailing  edge  of  migrat¬ 
ing  cells  (Palecek  et  aL,  1998).  An  understanding  of 
calpain  regulation  during  migration  has  remained  elusive. 
Recently,  the  MEK/ERKl/2  signaling  pathway  has  been 
linked  to  calpain  activation  as  the  pharmacological  MEK 
inhibitor  PD98059  was  shown  to  inhibit  EGF-induced 
calpain  activation  (Glading  et  aL,  2000).  Subsequent 
studies  revealed  that  membrane-proximal  ERKl/2  activity 
is  required  for  EGF-induced  m-calpain  activation  and  cell 
migration  (Glading  et  aL,  2001). 

MEKKl  is  a  MAPK  kinase  kinase  that  is  activated  in 
response  to  changes  in  cell  shape  and  the  microtubule 
cytoskeleton  (Yujiri  et  aL,  1999).  Dual  regulation  of  JNK 
and  ERKl/2  pathways  by  low  concentrations  of  growth 
factors  like  EGF  and  by  microtubule-disrupting  agents  like 
nocodazole  is  mediated  by  MEKKl  (Yujiri  et  aL,  1998). 
Targeted  gene  disruption  of  MEKKl  demonstrated  that  it 
functionally  regulates  cell  migration  both  in  vivo  and 
in  vitro  (Yujiri  et  aL,  2000).  Our  results  reveal  an 
association  of  MEKKl  with  focal  adhesions  and  actin 
fibers  entering  the  focal  adhesions.  MEKKl  regulates  the 
limited  proteolysis  of  the  focal  adhesion  proteins  talin  and 
spectrin.  Characterization  of  MEKKl-null  mouse  embryo 
fibroblasts  demonstrates  that  MEKKl  regulates  the  ERKl/ 
2  pathway  for  control  of  calpain-catalyzed  rear-end 
detachment. 

Results 

MEKKl  regulates  cell  adhesion 

Comparison  of  wild-type  and  MEKKl-/-  fibroblasts 
readily  defines  a  function  for  MEKKl  in  regulating  cell 
adhesion  and  migration.  We  found  that  MEKKl-/- 
fibroblasts  have  a  marked  increase  in  adherence  to  the 
culture  substratum  relative  to  wild-type  fibroblasts 
(Figure  lA).  Using  wild-type  and  MEKKl-/-  cells  that 
had  been  serum  starved  and  then  challenged  with  or 
without  serum,  the  culture  plates  were  inverted  and 
centrifuged.  The  remaining  attached  cells  were  counted 
as  a  measure  of  adherence,  with  greater  number  of  cells 
after  centrifugation  being  indicative  of  increased  adher¬ 
ence  (Lotz  et  aL,  1989).  This  simple  assay  clearly 
demonstrates  the  increased  adherence  of  MEKKl-/- 
cells  relative  to  wild-type  fibroblasts.  Even  though 
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MEKKl-/-  cells  show  an  increased  adherence  in  the 
centrifugation  assay,  their  rate  of  attachment  on  fibronec- 
tin  or  tissue  culture  plastic  alone  is  similar  to  the  rate  of 
attachment  of  wild-type  cells  (Figure  IB).  The  increased 
adherence  in  the  centrifugation  assay,  but  similar  attach¬ 
ment  rate  of  MEKKl-/-  compared  with  wild-type 
fibroblasts,  suggested  MEKKl  regulates  release  of  cell 
adhesion.  We  used  live  cell  microscopy  to  show  that 
MEKKl-/-  fibroblasts  are,  indeed,  inhibited  in  random 
migration  and  rear-end  detachment  (see  Supplementary 
data  available  at  The  EMBO  Journal  Online).  Both  wild- 
type  and  MEKKl-/-  fibroblasts  are  capable  of  extending 
lamellipodia  necessary  for  forward  movement,  and  both 
cell  types  develop  tails  or  uropods  at  the  trailing  edge  as 
the  cell  moves  in  the  direction  of  the  leading  edge. 
However,  as  wild-type  fibroblasts  have  the  ability  to 
detach  and  retract  their  trailing  edge,  MEKKl-/-  cell 
forward  progress  is  impeded  by  an  inability  of  the  uropod 
to  detach  from  the  substrate,  thereby  giving  the  ap^arance 
that  MEKKl-/-  cells  are  tethered  at  their  trailing  end. 
Thus,  the  increased  adherence  of  MEKKl-/-  cells  is,  at 
least  in  part,  a  result  of  defective  detachment  from  the 
substratum. 

MEKKl  regulates  directed  cell  migration 

Inhibited  movement  of  MEKKl-/-  fibroblasts  was  readily 
demonstrated  using  both  transwell  migration  and  in  vitro 
wound  response  assays.  Qiemotaxis  toward  serum  is 
inhibited  in  MEKKl-/-  compared  with  wild-type  fibro¬ 
blasts  (Figure  2A),  consistent  with  a  defect  in  cell 
movement  that  would  be  observed  with  a  loss  of  rear- 
end  detachment.  Further,  when  soluble  fibronectin  is  used 
as  a  chemotactic  agent,  migration  is  reduced  by  50%  in 
MEKKl-/-  versus  wild-type  cells  (Figure  2B).  Although 
EGF  by  itself  is  a  weak  chemotactic  agent,  EGF  combined 
with  fibronectin  produces  a  synergistic  effect  relative  to 
fibronectin  alone  to  induce  chemotaxis  (Maheshwari  etal, 
1999)  (Figure  2B).  This  synergistic  effect  is  completely 
absent  in  MEKKl-deficient  cells,  thus  demonstrating  that 
MEKKl  is  required  for  the  EGF/fibronectih-induced 
fibroblast  migration. 

When  a  confluent  contact-inhibited  fibroblast  culture  is 
‘wounded’  using  a  razor  swipe,  the  cells  along  the  edge  of 
the  wound  are  contact  inhibited  on  all  sides  save  one,  and 
will  migrate  into  the  wound  opening.  Wild-type  fibroblasts 
will  migrate  into  the  wound  space  within  5  h  after 
initiation  of  the  wound  (Figure  2C).  In  contrast, 
MEKKl-/-  fibroblast  migration  into  the  open  area  of  the 
wound  is  markedly  inhibited.  Indeed,  the  time  required  by 
MEKKl-/-  fibroblasts  to  completely  close  a  standardized 
wound  (24.5  h)  is  significantly  (F  <  0.05)  prolonged 
compared  with  the  MEKK1+/+  cells  (11  h)  (Figure  2D). 
By  12  h  post-wounding,  some  MEKKl-/-  fibroblasts  have 
migrated  into  the  wound  site  but  do  not  reach  numbers  or 
distances  achieved  by  MEKK1+/+  fibroblasts.  This  indi¬ 
cates  that  MEKKl-/-  fibroblasts  are  markedly  defective, 
but  not  completely  inhibited  in  directed  migration.  The 
loss  of  migration  is  a  direct  consequence  of  MEKKl 
deficiency  because  MEKKl  add-back  by  transfection  of 
MEKKl-/-  cells  restores  migration  into  the  wound 
(Figure  2C  and  D).  It  is  possible  that  the  migration  defect 
of  MEKKl-/-  cells  was  due  to  the  loss  of  expression  of  a 
secreted  factor  such  as  a  cytokine,  protease  or  extracellular 


Fig.  1.  MEKKl-deficient  fibroblasts  show  increased  adherence  charac¬ 
teristic  of  a  defect  in  rear-end  detachment.  (A)  Wild-type  or 
MEKKW-  MEFs  were  serum  starved  for  8  h,  then  treated  with  media 
with  or  without  10%  fetal  bovine  serum  (FBS).  The  plates  were  then 
inverted  and  centrifuged  at  2300  g  for  S  min.  Adherent  cells  remaining 
attached  to  the  well  surface  were  stained  with  Wright’s  stain  and  quan¬ 
titated.  Cell  adherence  is  represented  as  the  percent  of  the  total  serum- 
treated  cells  compared  with  the  non-treated  cells;  100%  was  taken  as 
the  number  of  wild-type  cells  in  the  dish  before  serum  challenge,  inver¬ 
sion  and  centrifugation.  MEKKl-/-  cells  with  serum  challenge  is 
>100%  because  more  cells  are  retained  after  centrifugation  than  for  the 
non-serum-stimulated  wild-type  cells,  indicative  of  the  increased  adher¬ 
ence  of  MEKKW-  cells.  Results  shown  are  the  mearf  ±  SEM  of  at 
least  three  independent  experiments,  and  the  statistical  significance  was 
determined  by  Student’s  r-test  (B)  Rbroblasts  were  resuspended  in 
complete  media  and  allowed  to  attach  to  either  untreated  or  fibronectin- 
coated  tissue  culture  plates.  Cells  were  monitored  for  2  h  and  the  num¬ 
ber  of  attached  cells  determined  by  phase  microscopy.  A  digital  movie 
of  migrating  MEKKW+  and  MEKKW-  fibroblasts  is  available  as 
Supplementary  data. 


matrix  protein.  To  determine  whether  the  migration  defect 
in  MEKKl-/-  cells  was  due  to  loss  of  a  secreted  factor, 
MEKKl-/-  and  wild-type  fibroblasts  were  co-cultured 
(Figure  2E)  and  their  respective  migration  analyzed  by  the 
in  vitro  wound  healing  assay.  MEKKl-/-  and  wild-type 
fibroblasts  were  stained  with  different  vital  fluorescent 
dyes  so  they  could  be  readily  distinguished  when  co¬ 
cultured.  Strikingly,  after  5  h  post-wounding,  wild-type 
but  not  MEKKl-/-  fibroblasts  have  extensively  moved 
into  the  wound  space.  Virtually  no  MEKKl-/-  fibroblasts 
in  co-culture  with  MEKK1+/+  fibroblasts  have  migrated 
into  the  wound  space,  demonstrating  that  co-culture  with 
wild-type  cells  can  not  restore  migration  to  MEKKl-/- 
fibroblasts.  Thus,  the  migration  defect  of  MEKKl-/- 
fibroblasts  is  not  rescued  by  secreted  factors  from  wild- 
type  cells.  This  result  strongly  suggests  that  the  defective 
migration  of  MEKKl-/-  fibroblasts  is  not  due  to  an 
inability  to  secrete  a  required  protein. 


Vinculin  content  in  focal  adhesions  is  diminished 
in  migrating  MEKKl-/--  fibroblasts 

The  MEKKl-/-  phenotype  is  characterized  by  increased 
adherence,  defective  rear-end  detachment  and  inhibited 
migration,  suggesting  a  defect  in  the  regulation  of  focal 
adhesions.  To  address  the  consequence  of  MEKKl 
deficiency  in  the  regulation  of  focal  adhesions  of  migrating 
cells,  we  used  quantitative  immunofluorescence  analysis 
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to  measure  vinculin  content  in  focal  adhesions  of  migrat¬ 
ing  wild-type  (Figure  3A)  and  MEKKl-/-  (Figure  3C) 
fibroblasts.  The  experiment  required  a  12  h  incubation 
after  inflicting  the  razor  swipe  to  allow  migration  of 
MEKKl-/-  cells  into  the  wound  site,  and  a  larger  wound 
than  that  of  Figure  2D.  Analysis  of  58  wild-type  and  97 
MEKKl-/-  fibroblasts  migrating  into  the  scrape  wound  of 
confluent  monolayers  indicated  2.8-fold  (P  <  O.OfiOl)  less 
vinculin  in  focal  adhesions  of  MEKKl-/-  versus  wild- 
type  fibroblasts  (Figure  3D).  This  result  is  consistent  with 
the  inability  of  migrating  MEKKl-/-  fibroblasts  to 
properly  organize  the  complex  of  proteins  in  focal 
adhesions.  While  vinculin  may  also  be  organized  at  cell- 
to-cell  contacts,  we  have  found  that  vinculin  consistently 
co-localizes  with  the  focal  adhesion  protein  talin  in  mouse 
embryo  fibroblasts  (data  not  shown)  and  as  such  serves  as  a 
surrogate  assay  for  focal  adhesion  formation.  Further,  as 
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organized  vinculin  staining  is  indicative  of  focal  adhe¬ 
sions,  loss  of  vinculin  staining  indicates  that  the  increased 
adherence  of  MEKKl-deficient  cells  is  not  due  to  an 
increased  number  or  size  of  focal  adhesions  as  has  been 
observed  in  FAK-/-  fibroblasts.  This  indicates  that  the 
change  in  adherence  and  focal  adhekion  composition 
resulting  from  MEKKl  deficiency  is  different  from  that 
observed  with  loss  of  FAK  expression.  Importantly,  the 
add-back  of  MEKKl  expression  restores  vinculin  content 
to  focal  adhesions  in  migrating  fibroblasts  (Figure  3B  and 
D).  Stationary  MEKKl-/-  and  wild-type  fibroblasts  in 
confluent  monolayers  have  similar  vinculin  staining  (data 
not  shown),  consistent  with  MEKKl  signaling  being 
important  for  regulation  of  the  turnover  of  focal  adhesions 
during  migration  and  not  in  the  ability  to  form  focal 
adhesions.  The  partial  restoration  of  vinculin  to  focal 
adhesions  is  likely  due  to  the  level  of  MEKKl  expressed  in 
the  add-back  clone,  which  is  only  20%  of  MEKKl  protein 
in  wild-type  fibroblasts.  Stable  expression  of  MEKKl  by 
add-back  to  MEKKl-/-  cells  is  extremely  difficult.  This  is 
predictably  due  to  the  regulation  of  MEKKl  expression 
during  the  cell  cycle  that  is  not  mimicked  by  using  other 
promoters  or  viral  LTRs  to  express  MEIQCl,  and  the 
toxicity  of  MEKKl  overexpression  (Yujiri  et  al,  1999). 
Despite  intensive  effort,  we  have  not  been  able  to  achieve 
stable  add-back  clones  that  express  >20%  of  wild-type 
MEKKl  protein.  Interestingly,  our  preliminary  findings 
suggest  that  the  level  of  talin  and  FAK,  unlike  vinculin, 
may  be  similar  in  MEKKl-/-  and  wild-type  fibroblasts 
(data  not  shown).  To  determine  whether  MEKKl  does 
indeed  differentially  regulate  protein  composition  in  focal 
adhesions,  it  will  be  necessary  to  perform  quantitative 
immunofluorescence  analysis  of  several  focal  adhesion 
proteins  in  stationary  and  migrating  wild-type,  MEKKl-/- 
and  add-back  fibroblasts. 

EGF  stimulates  the  formation  ofMEKKI-^FAK 
complexes 

Figure  4A  shows  that  when  serum-starved  fibroblasts  are 
stimulated  with  EGF,  MEKKl  is  co-immunoprecipitated 
with  FAK.  Co-expression  of  MEKKl  and  FAK  in 


Fig.  2.  MEKKl  expression  is  necessary  for  'fibroblast  migration. 
(A)  Rbroblasts  were  seeded  into  the  upper  chamber  of  a  Transwell 
migration  plate  with  5%  FBS  in  the  lower  chamber.  Cells  traversed 
after  5  h  to  the  lower  surface  of  the  membrane  were  quantitated.  The 
results  shown  are  the  mean  ±  SEM  of  at  least  three  independent 
experiments.  (B)  Fibroblasts  were  treated  as  in  (A)  except  that  the  bot¬ 
tom  well  of  the  Transwell  contained  either  1  nM  EGF,  100  pg/ml  fibro- 
nectin  or  the  combination  of  EGF  and  fibronectin.  (C  and  E)  Wild-type 
or  MEKKl-/-  fibroblasts  were  seeded  onto  coverslips  and  allowed  to 
grow  overnight.  In  addition,  MEKKl-/-  fibroblasts  stably  transfected 
with  full-length  MEKKl  (Add-back)  were  analyzed.  Each  confluent 
culture  was  ‘wounded*  with  a  razor  and  observed  over  the  course  of  5  h 
for  migration  into  the  wound  space  (m  vitro  wound  healing  assay).  (C) 
is  a  Die  image  of  migrating  cells.  (D)  The  time  required  for  confluent 
fibroblasts  in  a  tissue  culture  plate  to  close  a  standardized  wound 
(200  lun)  is  represented  by  the  graph.  Results  shown  are  the 
mean  ±  SEM  of  at  least  three  independent  experiments,  and  the  statis¬ 
tical  significance  was  determined  by  Student's  r-test  {*P  <  O.OS). 
(E)  Cells  were  first  stained  with  the  fluorescent  vital  dyes  PKH26  (red; 
MEKK1+/+)  or  PKH67  (green;  MEKKl-/-)  and  then  mixed  in  equal 
numbers  before  seeding  onto  coverslips,  and  treated  as  described 
above.  The  fluorescence  image  depicts  the  migration  of  MEKK1+/+ 
(wild  type)  and  MEKKl-/-  cells  in  co-culture.  The  data  are  representa¬ 
tive  samples  fifom  at  least  three  independent  experiments. 
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Fig.  4.  MEKKl  and  FAK  fonn  a  complex  in  EGF-stimulated  fibro¬ 
blasts.  (A)  Wild-type  mouse  embryo  fibroblasts  were  treated  with 
100  ng/ml  EGF  for  the  indicated  times.  After  cell  lysis,  endogenous 
FAK  was  immunopredpitated  with  anti-FAK  antibody,  and  associated 
MEKKl  detected  by  MEKKl  immunoblotting.  Total  immunoprecipi- 
tated  FAK  was  measured  by  anti-FAK  immunoblotting  using  the  same 
blots  as  that  for  MEKKl  analysis.  (B)  Wild-ty^  (MEKKl-t/+)  and 
MEKKW-  fibroblasts  stably  expressing  papilloma  virus  E6/E7 
proteins  were  immunoblotted  for  FAK  protein  expression  using  an  anti¬ 
body  recognizing  the  N-  or  C-terminal  domain  of  FAK.  FAK  is  a 
125  kDa  protein  with  N-  and  C-terminal  cleavage  fragments  of  68  and 
57  kDa,  respectively.  (C)  Serum-starved  MEKK1-I-/+  or  MEKKl-/- 
MBFs  were  allowed  to  adhere  to  fibronectin-coated  bacterial  plates  for 
30  min,  and  then  lysed.  Endogenous  FAK  was  immunopredpitated 
with  anti-FAK  antibodies,  and  the  level  of  tyrosine-phosphorylated 
FAK  determined  by  phosphotyrosine  immunoblotting.  The  membrane 
was  then  stripped  a^  total  F^  was  assessed  by  FAK  immunoblotting. 
(D)  MEKKW+  and  MEKKl-/-  fibroblasts  ±  E6/E7  protein  expres¬ 
sion  were  analyzed  for  migration  in  Transwell  assays  using  5%  FBS  as 
described  for  Figure  2A.  *Inhibition  of  MEKKl-/-  E6/E7  ceU  migra¬ 
tion  is  statistically  significant  relative  to  FAK-/-  cells  (P  <  0.05)  and 
MEKKl-/- ceUs  (P  <  0.001). 


Fig.  3.  Vinculin  content  in  focal  adhesions  is  diminished  in  migrating 
MEKKl-/-  fibroblasts.  A  0.4  pm  deconvolved  image  section  of  the 
cell  having  the  brightest  focal  adhesion  staining  was  used  for  the  meas¬ 
urement  of  integrated  intensity  of  vinculin  content  for  MEKK1+/+  (A), 
add-back  (B)  and  MEKKl-/-  (Q  fibroblasts.  The  intensity  of  vinculin 
staining  was  measured  per  cell  area  of  the  section.  The  add-back  clone 
stably  expresses  full-length  MEKKl  and  was  derived  from  the 
MEKKl-/-  fibroblasts.  The  bar  graph  in  (D)  shows  the  analysis  from 
three  experiments  where  58  wild-type,  97  MEKKl-/-  and  96  add-back 
cells  were  analyzed  for  integrated  vinculin  staining  intensity  per  cell 
area.  Vinculin  content  in  the  MEKKl-/-  clone  is  diminished  at  a  statis¬ 
tically  significant  level  from  wild-type  MEKK1+/+  cells  (*P  <  0.0001) 
and  add-back  cells  (**P  <  0.001).  Bar  =  50  pm. 


HEK293  cells  by  transient  transfection  demonstrated  that 
they  could  be  reciprocally  co-immunoprecipitated  (Yujiri 
et  aL,  2003).  These  findings  demonstrate  the  interaction  of 
MEKKl  with  FAK-associated  protein  complexes  and  that 
endogenous  MEKKl  recruitment  into  FAK  complexes  is 
regulated  by  a  growth  factor  that  stimulates  both  FAK  and 
MEKKl  kinase  activities  (Fanger  et  al,  1997).  Thus,  EGF 


induces  the  stable  association  of  MEKKl  with  FAK, 
altering  the  protein  composition  of  focal  adhesions. 

Focal  adhesion  turnover,  and  therefore  cell  adhesion,  is 
proposed  to  be  modulated  not  only  by  signaling  pathways 
involving  protein  phosphorylation,  but  by  proteolysis  of 
focal  adhesion  components  as  well.  Interestingly,  FAK 
and  MEKKl  are  regulated  both  by  phosphorylation  and 
proteolytic  cleavage  (Cooray  et  aL,  1996;  Schlesinger 
et  aL,  1998;  Cary  et  aL,  2002).  The  discovery  that  MEKKl 
becomes  stably  associated  with  FAK  suggested  that 
MEKKl  functions  in  focal  adhesion  signaling.  The 
increased  adherence  and  inhibition  of  migration  resulting 
from  MEKKl  deficiency  also  demonstrates  that  MEKKl 
has  an  important  role  in  the  function  of  focal  adhesions. 

MEKKl  localizes  with  focal  adhesions 
Expression  of  EGFP-MEKKl  in  MEKKl-/-  MEFs 
demonstrates  its  association  with  focal  adhesions  and 
actin  fibers  entering  the  focal  adhesions  (Figure  5).  The 
localization  of  EGFP-MEKKl  with  focal  adhesions  is 
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Fig.  5.  MEKKl  localizes  to  focal  adhesions.  MEKKW-  fibroblasts 
were  transfected  with  EGFP-MEKKl,  incubated  in  serum-free  media 
for  12  h,  then  processed  as  described  in  Materials  and  methods  and 
subjected  to  immunofluorescence  analysis.  (A)  An  MEKKW-  MEF 
transfected  with  EGFP-MEKKl  and  treated  with  anti-FAK  antibodies 
(FAK  displayed  as  red  fluorescence).  Bar  =  10  pm.  (B)  Displayed  are 
two  representative  examples  of  co-localization  of  EGFP-MEKKl  with 
endogenous  FAK  (purple)  and  actin  (red).  Bar  =  1  pm. 


consistent  with  its  co-immunoprecipitation  with  FAK 
(Figure  4).  We  did  not  observe  a  measurable  increase  of 
EGFP-hffiKKl  in  focal  adhesions  of  EGF-stimulated 
cells  despite  an  increased  stable  association  of  MEKKl  in 
FAK  immunoprecipitates.  This  suggests  that  the  EGF 
stimulation  of  MEKKl-FAK  co-immunoprecipitation 
may  be  related  to  increased  stabilization  of  die  complex, 
possibly  due  to  phosphorylation-related  responses,  rather 
than  a  re-localization  of  MEKKl  to  focal  adhesions.  It 
should  also  be  noted  that  caspase-mediated  cleavage  of 
MEKKl  compelled  us  to  use  a  mutant  MEKKl  protein  for 
these  studies.  The  caspase-cleavage  site  residues  had  been 
mutated  to  alanines  (Widmann  et  a/.,  1998).  The  caspase- 
cleaved  fragments  do  not  appear  to  localize  to  focal 
adhesions.  Cumulatively,  the  co-immunoprecipitation  and 
immunofluorescence  studies  demonstrate  that  MEKKl 


localizes,  in  part,  to  focal  adhesions  and  actin  filaments 
entering  focal  adhesions  for  the  control  of  cell  adherence. 

E6/E7  papilloma  virus  proteins  Induce  FAK 
proteolysis  In  MEKKl--/-  fibroblasts 

E6/E7  expression  immortalizes  primary  fibroblasts  by 
inducing  the  degradation  of  p53.  We  had  used  E6/E7  for 
immortalization  of  both  wild-type  and  MEKKl-/-  mouse 
embryo  fibroblasts.  We  quickly  realized  that  there  was  a 
significant  difference  in  the  phenotype  of  MEKKl-/- 
fibroblasts  but  not  wild-type  fibroblasts  that  had  been 
immortalized  with  papillomavirus  E6/E7  proteins  versus 
immortalization  by  serial  passage.  In  addition  to  stimulat¬ 
ing  p53  degradation,  the  E6  oncoprotein  binds  to  the  focal 
adhesion  protein  paxillin  (Turner,  2000).  One  outcome  of 
E6  expression  is  die  disruption  of  paxillin  association  with 
vinculin  and  FAK  (Tong  et  aL,  1997;  Turner,  2000). 
Relative  to  primaiy  MEKKl-/-  fibroblasts,  or  MEKKl-/- 
fibroblasts  immortalized  by  serial  passage,  MEKKW- 
fibroblasts  expressing  E6/E7  were  extremely  flat  and 
highly  adherent  to  the  substratum,  reminiscent  of  FAK-/- 
cells  (Ilic  et  al.,  1995).  In  contrast,  E6/E7-expressing  wild- 
type  fibroblasts  were  more  rounded  and  less  adherent  to 
substratum.  Figure  4B  shows  that  E6/E7  expression  in 
MEKKl-/-  fibroblasts  causes  a  near  quantitative  cleavage 
of  FAK.  This  contrasts  with  E6/E7-expressing  MEKK1+/ 
+  fibroblasts  where  FAK  remains  intact.  This  result  is 
consistent  with  MEKKl  being  associated  with  FAK- 
paxillin-vinculin  complexes  and  playing  a  protective  role 
against  E6/E7-induced  FAK  degradation.  This  suggests 
that  EGF-induced  MEKKl  association  with  focal  adhe¬ 
sions  alters  the  organization  and  interaction  of  focal 
adhesion  proteins. 

Functionally,  MEKKl  protects  FAK  from  E6/E7- 
mediated  degradation,  but  MEKKl  expression  is  not 
required  for  fibronectin  binding-induced  stimulation  of 
FAK  tyrosine  phosphorylation  (Figure  4C).  With 
MEKKl-/-  fibroblasts  immortalized  by  serial  passage, 
fibronectin  stimulation  of  FAK  tyrosine  phosphorylation  is 
similar  to  that  observed  with  MEKK1+/+  fibroblasts.  This 
result  indicates  that  FAK  tyrosine  phosphorylation  is 
largely  independent  of  the  role  MEKKl  plays  in  organ¬ 
ization,  signaling  and  proteolytic  susceptibility  of  focal 
adhesion  proteins. 

E6/E7-induced  FAK  cleavage  in  MEKKl-/-  fibroblasts 
causes  a  migration  defect  more  severe  than  that  observed 
with  FAK-/-  or  MEKKl-/-  fibroblasts  not  expressing  the 
E6/E7  oncoproteins  (Figure  4D).  FAK-/-  fibroblasts,  like 
MEKKl-/-  fibroblasts,  exhibit  a  marked  reduction  in 
migration  in  transwell  assays  (Figure  4D).  Unlike  E6/E7 
wild-type  fibroblasts  that  readily  migrate  toward  serum, 
E6/E7  MEKKl-/-  fibroblasts  display  a  migration  defect 
more  severe  than  either  MEKKl-/-  or  FAK-/-  fibroblasts 
that  do  not  express  the  E6/E7  proteins  (Figure  4D).  Thus, 
MEKKl  is  important  in  maintaining  the  integrity  and 
protein  composition  of  focal  adhesion  complexes  and  is 
functionally  required  for  fibroblast  migration.  The  com¬ 
bined  loss  of  hffiKKl  and  FAK  exacerbates  the  migration 
defect  resulting  from  the  loss  of  either  kinase  alone. 

MEKKl  regulates  calpain  activation 

Previous  studies  have  suggested  that  the  intracellular 
cysteine  protease  calpain  is  involved  in  the  regulation  of 
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Fig.  6.  MEKKl'deficient  fibroblasts  show  reduced  calpain  activity,  and 
calpain  inhibition  mimics  MEKKt  deficiency.  In  vivo  calpain  activity 
was  assessed  in  fibroblasts  using  the  cell-permeable,  fluorescent  calpain 
substrate  SLLVY-AMC  (A  and  B)  and  by  anti-spectrin  or  anti-talin 
immunoblotting  (C).  (A)  MEKK1+/+  cells  in  the  presence  and  absence 
of  the  calpain  inhibitor  PD150606  (50  pM),  MEKKl-/-  and  MEKKl 
add-back  cells  were  used  for  measurement  of  calpain  activity. 
(B)  FAK47+  and  FAK-/-  cells  were  used  to  measure  calpain  activity  as 
in  (A).  (C)  The  anti-spectrin  and  anti-talin  immunoblots  wctb  stripped 
and  reprobed  with  anti-m-calpain  antibodies  to  verify  protein  levels. 
The  immunoblots  are  representative  of  at  least  three  independent 
experiments.  (D)  Wild-type  fibroblasts  grown  to  confluency  on  cover- 
slips  were  pre-tieated  for  1  h  with  50  pM  PD150606  (left  panel)  or 
2  pM  GM6001,  a  matrix  metalloproteinase  inhibitor  (right  panel),  and 
then  analyzed  for  migration  using  the  m  vitro  wound  healing  assay  fol¬ 
lowing  a  razor  swipe  in  the  continuous  presence  of  inhibitor.  Results 
are  representative  of  at  least  three  independent  experiments  for  each  set 
of  experiments  in  (A-D). 


rear-end  detachment  of  migrating  cells  (Huttenlocher  et  aL, 
1997;  Frame  et  aL,  2002;  Glading  et  aLy  2002),  the 
migration  defect  of  MEKKl-/-  fibroblasts.  Using  a  cell- 
permeable  fluorogenic  calpain  substrate,  we  discovered 
that  MEKKl-/-  cells  have  significantly  less  calpain 
proteinase  activity  than  wild-type  fibroblasts  (Figure  6A). 
Similarly,  in  culture  conditions  identical  to  the  in  vitro 
wound  assay,  MEKKl-/-  fibroblasts  have  significantly 
less  calpain  activity  than  wild-type  fibroblasts.  Cleavage 
of  the  fluorogenic  substrate  is  blocked  using  a  calpain- 
specific  inhibitor,  PD 150606,  which  prevents  binding 


to  calpain  and  does  not  significantly  inhibit  either 
cathepsins  or  caspases  (Wang  et  aly  1996),  confirming 
that  the  assay  is  specifically  measuring  calpain  activity 
(Figure  6A).  Just  as  add-back  of  MEKKl  protein  by 
transfection  of  MEKKW-  fibroblasts  rescued  adherence 
and  migration,  add-back  of  MEKKl  also  restored  calpain 
regulation  (Figure  6A).  Even  though  the  add-back  clone 
expresses  MEKKl  protein  at  only  20%  of  the  MEKKl 
expression  of  wild-type  fibroblasts,  it  is  sufficient  to  at 
least  partially  restore  calpain  activation,  and  rescue  both 
migration  and  adherence.  As  we  had  demonstrated  that 
MEKKl  is  associated  with  focal  adhesions  (Figures  4  and 
5),  we  asked  whether  FAK  was  necessary  for  calpain 
activation.  Since  FAK-deficient  fibroblasts  have  been 
found  to  have  severe  migration  defects  (Die  et  aLy  1995), 
we  wanted  to  determine  whether  loss  of  FAK  from  the 
signaling  complex  affected  calpain  activity.  Strikingly, 
calpain  activity  in  serum-treated  FAK-deficient  fibroblasts 
was  dramatically  reduced  compared  with  that  of  FAK- 
expressing  cells  (Figure  6B).  Taken  together,  our  data 
support  the  existence  of  a  complex  containing  FAK  and 
MEKKl  that  is  required  for  calpain  control  of  cell 
adherence  and  migration. 

ot2P2  spectrin  (fodrin)  is  a  structural  protein  linking  the 
cytoskeleton  to  membranes  and  is  a  defined  calpain 
substrate  (Wang  and  Yuen,  1999;  Wang,  2000).  Calpain 
cleavage  of  spectrin  produces  a  specific  pattern  of 
proteolytic  peptide  fragments  of  145-150  kDa  (Wang 
and  Yuen,  1999;  Wang,  2000)  that  are  unique  to  calpain 
and  are  different  in  size  from  those  generated  by  caspases 
(Wang  and  Yuen,  1999;  Wang,  2000).  We  found  that 
calpain-specific  spectrin  fragments  generated  in  wild-type 
fibroblasts  were  nearly  undetectable  in  MEKKl-/- 
fibroblasts  (Figure  6C).  This  finding  demonstrates  the 
loss  of  cleavage  of  an  endogenous  calpain  substrate  in 
MEKKl-/-  fibroblasts.  Cleavage  of  another  calpain 
substrate,  talin,  was  similarly  reduced  in  the  MEKKl- 
deficient  cells  (Figure  6C).  While  calpain  activity  was 
diminished  in  MEKKl-/-  fibroblasts,  immunoblotting 
indicated  that  total  calpain  protein  expression  was  similar 
in  wild-type  and  MEKKl-/-  fibroblasts  (Figure  6C).  This 
result  is  consistent  with  the  existence  of  a  MEKKl- 
dependent  signaling  complex  that  regulates  calpain  activ¬ 
ity  but  not  calpain  expression.  Together,  the  loss  of  both 
spectrin  and  talin  cleavage,  coupled  with  reduced  hydro¬ 
lysis  of  the  fluorogenic  calpain-specific  substrate,  clearly 
demonstrates  a  loss  of  calpain  activation  in  MEKKl-/- 
cells.  Importantly,  PD150606,  the  calpain-specific  inhi¬ 
bitor,  blocks  the  migration  of  wild-type  fibroblasts  in  the 
in  vitro  wound  assay  (Figure  6D).  However,  GM6001,  an 
inhibitor  of  metalloproteinases  that  function  to  remodel 
the  extracellular  matrix,  did  not  inhibit  fibroblast  migra¬ 
tion  into  the  wound  space,  thereby  demonstrating  the 
specific  requirement  of  calpain  inhibition  for  disrupted 
migration  in  this  assay.  The  findings  demonstrate  that  the 
MEKKl-dependent  regulation  of  calpain  activity  is 
required  for  cell  migration. 

MEKKl  regulates  ERK1/2  activity 

The  MEK  inhibitor  PD98059  blocks  ERKl/2  activation, 
inhibits  calpain  activation  and  cell  motility  (Glading  et  al.y 
2000).  However,  as  PD98059  may  influence  Ca^'*’  influx 
independently  of  MEK  activity  (Pereira  et  aLy  2002),  and 
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Fig.  7.  Fibroblast  migration  and  calpain  activity  are  dependent  on 
MEK,  but  not  JNK  activity.  (A)  ^ild-type  fibroblasts  were  loaded  into 
Transwell  migration  chambers  (10*  cells/well)  and  allowed  to  migrate 
for  5  h,  using  5%  serum  as  a  chemotactic  agent  Calpain  inhibitor 
PD150606  (50  pM),  MEK  inhibitor  U0126  (10  pM)  or  matrix  metallo¬ 
proteinase  inhibitor  GM6001  (2  pM)  were  added  to  both  the  upper  and 
lower  chambers  of  the  designated  wells.  (B)  Wild-type  fibroblasts  were 
pre-incubated  for  1  h  with  JNK  inhibitor  SP600125  (10  pM)  or  MEK 
inhibitor  U0126  (10  pM),  and  calpain  activity  was  assessed  by 
SLLVY-AMC  cleavage,  and  compared  with  that  of  non-treated  cells. 
The  results  of  both  (A)  and  (B)  are  the  mean  ±  SEM  of  at  least  three 
independent  experiments.  (C)  Wild-type  fibroblasts  were  pre-incubated 
with  10  pM  SP600125  or  10  pM  U0126  for  1  h  and  then  analyzed  for 
migration  using  the  in  vitro  wound  healing  assay  in  the  continuous  pres¬ 
ence  of  inhibitor.  (D)  Serum-starved  wild-type,  MEKKl-/-  or  MEKKl 
add-back  fibroblasts  were  treated  with  EGF  or  FGF-2  for  10  min  and 
then  lysed.  ERKl/2  activation  was  then  assessed  by  phospho-ERK 
immunoblotting.  The  membrane  was  then  stripped  and  the  total  ERK2 
level  determined  by  ERK2  immunoblotting.  The  data  are  representative 
of  at  least  three  independent  experiments.  NS,  no  stimulus. 


thereby  possibly  alter  calpain  activity,  we  tested  the  effect 
of  U0126,  an  unrelated  MEK  inhibitor  that  does  not  non- 
specifically  alter  Ca^^  levels  (Pereira  et  al.,  2002) 
(Figure  7).  U0126  inhibits  calpain  activation  (Figure  7B) 
and  dramatically  reduces  fibroblast  chemotaxis  towards 
serum  (Figure  7A).  In  contrast,  SP600125,  a  JNK 
inhibitor,  does  not  diminish  fibroblast  migration  or  calpain 
activity  (Figure  7B  and  C).  Thus,  while  MEKKl  has  been 
shown  to  regulate  both  the  ERKl/2  and  JNK  signaling 


pathways,  calpain  activation  and  consequent  cell  migra¬ 
tion  may  be  attributed  specifically  to  MEKKl  regulation 
of  ERKl/2  signaling. 

Given  that  numerous  studies  have  identified  Raf  as  the 
MAPK  kinase  kinase  responsible  for  growth  factor- 
mediated  ERKl/2  activation,  what  role  might  MEKKl 
play  in  EGF-induced  ERKl/2  activation?  We  asked 
whether  a  portion  of  EGF-induced  ERKl/2  activation 
might  actually  be  attributable  to  MEKKl.  By  treating  the 
cells  with  low  (0.1-5  ng/ml)  concentrations  of  EGF  or 
FGF-2,  we  found  that  induced  ERKl/2  phosphorylation 
and  consequent  activation  by  low  levels  of  growth  factors 
in  mouse  embryo  fibroblasts  is  significantly  dependent  on 
MEKKl  expression  (Figure  7D),  while  at  Wgher  levels  of 
growth  factor  (100  ng/ml  or  higher),  ERKl/2  phosphoryl¬ 
ation  levels  of  MEKK1+/+  and  MEKKl-/-  MEFs  were 
similar  (data  not  shown).  Thus,  MEKKl  control  of  ERKl/ 
2  activation  is  readily  apparent  at  low  growth  factor 
concentrations  and  verified  by  comparison  of  wild-type 
and  MEKKW-  fibroblasts.  Further,  densitometric  an^y- 
sis  of  Figure  7D  reveals  that  MEKK1+/+  cells  stimulated 
with  the  level  of  EGF  used  in  our  migration  experiments 
(5  ng/ml)  (Figure  2B)  display  a  2.5-fold  greater  level  of 
pERK  than  the  MEKKl-/-  MEFs.  Our  data  show  that  the 
loss  of  MEKKl  regulation  of  ERKl/2  signaling  in 
MEKKl-/-  fibroblasts  contributes  significantly  to  inhib¬ 
ition  of  calpain  activation  required  for  regulation  of 
adherence  and  rear-end  detachment  of  migrating  cells. 
Importantly,  the  add-back  of  MEKKl  completely  restores 
ERKl/2  activation  by  low  doses  of  growth  factor. 

Discussion 

Cell  adhesion  to  the  extracellular  matrix  is  mediated  by 
integrins,  which,  in  turn,  are  linked  to  the  cytoskeleton 
through  proteins  in  focal  adhesion  complexes  (Yamada 
and  Miyamoto,  1995).  The  strength  of  cell  adherence  to 
the  extracellular  matrix  is  modulated  by  signal  transduc¬ 
tion  pathways  involving  proteins  within  focal  adhesions 
(Yamada  and  Miyamoto,  1995).  One  such  pathway  of 
particular  importance  to  adhesion-mediated  signaling  is 
the  ERKl/2  pathway.  v-Src,  a  potent  activator  of  ERKl/2 
signaling,  has  been  shown  to  drive  MEK-dependent  ERK 
activation  and  localization  to  focal  adhesions  in  chicken 
embryo  fibroblasts  (Fincham  et  al.,  2000).  One  explan¬ 
ation  for  the  importance  of  membrane-localized  ERK 
activity  in  cell  adhesion,  and  by  extension  cell  migration, 
is  that  ERKl/2  signaling  is  required  for  efficient  release  of 
cellular  adhesion  to  the  matrix  substratum  (Glading  et  al, 
2000).  We  have  previously  reported  that  MEKKl  regu¬ 
lates  ERKl/2  activation,  and  that  MEKKl-deficient  cells 
display  reduced  motility  (Yujiri  et  al,  1998, 2000).  In  this 
paper,  our  findings  demonstrate  that  MEKKl-/-  fibro¬ 
blasts  have  an  increased  adherence  but  display  normal 
extension  of  the  leading  edge  during  migration.  Thus,  the 
loss  of  migration  in  MEKKl-/-  fibroblasts  is  due  to  the 
increased  adherence  and  a  diminished  ability  to  detach  the 
trailing  end  of  the  cell,  rather  than  decreased  forward 
extension.  We  have  demonstrated  by  co-immunoprecipi- 
tation  that  MEKKl  is  associated  with  FAK-associated 
protein  complexes,  and  that  these  complexes  were 
localized  in  adhesion  complexes.  MEKKl  has  also  been 
proposed  to  co-localize  with  a-actinin  and  actin  stress 
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Fig.  8.  Model  depicting  the  FAK-MEKK1-MEK1/2-ERK2  pathway  controlling  calpain  activation  and  the  disruption  of  focal  adhesion-actin  cyto- 
skeletal  complexes.  MEKKW-  cells  are  defective  in  focal  adhesion  composition  and  regulation  of  the  ERK2-calpain  activation  pathway  (see  text  for 
details). 


fibers  (Christerson  et  al,  1999),  and  our  immunofluores¬ 
cence  studies  support  that  contention.  Thus,  our  findings 
reveal  that  the  cellular  location  of  MEKKl  is  well  suited  to 
regulate  signal  transduction  in  response  to  cell  adhesion  or 
cytoskeletal  changes.  Indeed,  we  have  previously  shown 
MEKKl  to  regulate  signaling  in  response  to  cytoskeletal 
alteration  (Yujiri  et  aL,  1999,  2(X)0).  Activation  of  the 
MEK-ERKl/2  pathway  initiated  by  changes  in  integrin 
interactions  with  focal  adhesion  proteins  is  well  char¬ 
acterized  (Howe  et  al,  2002),  and  our  findings  with 
MEKKl  knockout  fibroblasts  demonstrate  this  response  is, 
in  part,  dependent  on  the  expression  of  MEKKl. 

The  protease  calpain  has  recently  been  implicated  in  the 
control  of  cell  migration  through  regulation  of  de-adhesion 
from  matrix  substratum.  We  have  demonstrated  that 
MEKKl  expression  is  critical  for  calpain  activity  regula¬ 
tion.  Glading  et  aL  (2001)  have  recently  shown  that 
membrane-proximal  ERKl/2  activity  is  required  for  EGF- 
induced  m-calpain  activity,  and  we  demonstrate  that 
MEKKl  is  required  for  regulation  of  calpain  activation. 
While  our  studies  did  not  rule  out  that  MEKKl -dependent 
MEK  activity  might  phosphorylate  proteins  other  than 
ERKl/2  that  are  required  for  calpain  activity,  recent 
studies  (Glading  et  ahy  2001)  indicate  that  appropriate 
localization  of  ERK  activity  is  the  key  MEK-dependent 
factor  in  calpain  activation.  It  is  possible  that  l^KKl 
might  also  influence  calpain  cellular  location,  but  we  were 
unable  to  detect  any  MEKKl-dependent  calpain  localiza¬ 
tion  (data  not  shown).  Importantly,  reconstitution  of  the 
wild-type  phenotype  by  expression  of  MEKKl  confirms 
that  ^e  defects  we  have  measured  in  MEKKl-/- 
fibroblasts  are  a  direct  consequence  of  MEKKl  deficiency 
and  not  an  epigenetic  difference  between  cell  lines. 

Calpain  has  been  shown  to  be  associated  with  focal 
adhesions,  and  two  primary  substrates  for  calpain  in 


fibroblasts  are  the  structural  proteins  spectrin  and  talin 
(Glading  etal.^  2002).  Through  vinculin,  both  spectrin  and 
talin  are  linked  to  a-actinin  and  the  actin  cytoskeleton 
(Petit  and  Thiery,  2000).  Calpain-dependent  cleavage  of 
^ese  two  proteins  thus  alters  the  tethering  of  the 
cytoskeleton  to  focal  adhesion  complexes  and  the  plasma 
membrane.  Regulation  of  limited  calpain  cleavage  of  these 
proteins  requires  MEKKl  regulation  of  the  ERKl/2 
pathway.  The  requirement  of  MEKKl  expression  for  the 
control  of  adhesion  probably  explains,  at  least  in  part,  the 
defective  eyelid  closure  of  MEKKl-deficient  mice  due  to 
impaired  epithelial  cell  migration.  Furthermore,  other 
MEKKl-/-  cell  types  including  neutrophils  and  macro¬ 
phages  appear  to  have  compromised  migration  (our 
unpublished  observations),  indicating  that  MEKKl  con¬ 
tributes  to  the  regulation  of  migration  of  mutiple  cell 
types. 

The  significance  of  our  work  is  that  a  focal  adhesion- 
regulated  pathway  controlling  cell  adherence  and  migra¬ 
tion  has  now  been  genetically  defined.  Targeted  disruption 
of  FAK  (Die  et  al,  1995),  MEKKl  (Yujiri  et  al,  2000), 
MEKl  (Giroux  et  al,  1999),  ERK2  (Saba  El-Leil,  2002) 
and  calpain  (Dourdin  et  al,  2001)  demonstrates  defects  in 
cell  migration  (Figure  8).  Pharmacological  inhibitors  of 
MEKl  and  calpain  mimic  the  loss  of  expression  of 
component  members  of  this  pathway  by  blocking  migra¬ 
tion  and  influencing  adherence.  Interestingly,  only  the  loss 
of  MEKKl  expression  yields  viable  animals,  the  other 
knockouts  are  embryonic  lethal.  This  result  is  most  likely 
related  to  the  requirement  of  FAK  to  initiate  multiple 
signals  firom  focal  adhesions,  and  the  involvement  of 
MEKl  and  ERK2  in  many  diverse  functions  regulated  by 
members  of  the  Raf  family  (A-Raf,  B-Raf  and  c-Rafl), 
Mos,  Tpl-2  and  MEKKl,  all  MAPK  Idnase  kinases  defined 
genetically  to  regulate  the  ERKl/2  pathway  (Schlesinger 
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et  al,  1998).  At  low  growth  factor  levels,  which  are  most 
likely  physiologically  relevant,  it  is  apparent  that  MEKKl 
is  critical  for  normal  ERKl/2  activation.  At  higher  growth 
factor  concentrations,  the  activation  of  Raf  proteins 
probably  rescues  the  MEKKl  deficiency  by  activating 
the  ERKl/2  pathway.  Thus,  pharmacological  inhibition  of 
MARK  kinase  kinases  such  as  MEKKl  would  predictably 
have  greater  specificity  in  selectively  inhibiting  migration 
in  pathological  states  such  as  cancer  metastasis  than 
inhibition  of  MEKl,  ERKl/2  or  calpain. 


Materials  and  methods 

Antibodies  and  reagents 

Anti-phospho  ERK,  ERK2  and  FAK  (C-tenninal)  antibodies  used  for 
immunoblotting  were  from  Santa  Cruz  Biotechnology,  Inc.  (Santa  Ciuz, 
CA).  Anti-phosphotyrosine  and  anti-FAK  (N-terminal)  antibodies  were 
from  Upstate  Biotechnology  (Lake  Placid,  NY).  Fibronectin-coated  tissue 
culture  plates  were  from  BD  Biosciences  (B^ord,  MA).  Anti-vinculin 
(V-4505)  and  FTTC-conjugated  donkey  anti-mouse  antibodies  were  frpom 
Sigma  (St  Louis,  MO).  HRP-^heep  anti-mouse  IgG  was  from  Amersham 
(Piscataway,  NJ).  Protein  A-HRP  conjugate  was  frrom  Zymed 
Laboratories  (San  Francisco,  CA).  PKH67  and  PKH26  vital  dyes  were 
from  Sigma.  PD150606  and  81^00125  were  from  Calbiochem  (San 
Diego,  CA).  U0126  was  from  Promega  (Madison,  WI).  SLLVY-AMC 
was  frrom  Peptides  Internationa]  (Louisville,  KY).  The  MEKKl  sequence 
DTVD  (amino  acids  871-874)  was  substituted  with  alanines  by  a  PCR 
strategy,  and  then  subcloned  into  pEGFP-Cl  (BD  Biosciences  Clontech, 
Palo  Alto,  CA). 

Fibrobtasts 

The  development  of  MEKKl-/-  mice  has  been  described  {weviously 
(Yujiri  et  al,  2000).  Mouse  embryo  fibroblasts  were  isolated  from  E14.5 
embryos.  Immortalized  fibroblasts  were  isolated  after  continuous  passage 
for  3  months  or  by  expression  of  papilloma  E6/E7  oncoproteins.  All 
results  comparing  wild-type  fibroblasts  and  MEKKl-/-  fibroblasts  were 
characterized  with  similar  results  in  primary  and  immortalized 
fibroblasts.  The  MEKKl  add-back  fibroblasts  were  made  by  stable 
transfection  of  immortalized  MEKKl-/-  fibroblasts  using  a  full-length 
mouse  MEKKl  cDNA  in  pLHCX.  MEKKl  expression  as  determined  by 
immunoblotting  was  -20%  of  the  MEKKl  exj^sion  of  wild-type 
fibroblasts.  The  FAK-/-  fibroblasts  were  a  generous  gift  from  Dr  Dusko 
Hie,  University  of  California  at  San  Francisco. 

Cell  culture 

Fibroblasts  were  cultured  in  IMDM  medium  (Gibco,  Grand  Island,  NY) 
containing  penicillin/streptomycin  (1%;  Gibio),  L-glutamine  (2  mM; 
Gibco).  monothioglycerol  (0.0012%;  Sigma)  and  10%  (v/v)  fetal  calf 
serum  (Gemini  Bioproducts,  Woodland,  CA)  at  37®C  in  a  humidified 
atmosphere.  Human  FGF-2  was  purchased  from  Upstate  Biotechnology 
(Lake  Placid,  NY)  and  murine  EOF  from  Sigma. 

Immunoprecipltation 

After  stimulation,  fibroblasts  were  washed  twice  with  cold  PBS  and  lysed 
in  20  mM  Tris-HQ  pH  7.6,  0.5%  NP-40, 250  mM  NaQ,  3  mM  EDTA, 
3  mM  EGTA,  1  mM  PMSF,  2  mM  so^um  orthovanadate,  20  pg/ml 
aprotinin,  1  mM  DTT  and  5  gg/ml  leupeptin.  Lysates  were  cleared  by 
centrifugation  at  14  (X)0  g  for  10  min  at  4'’C,  incubated  with  the 
appropriate  antibody  for  16  h  at  4®C,  and  then  with  protein  G-Sepharose 
for  1  h.  The  beads  were  washed  three  times,  then  resuspended  in  sample 
buffer  (125  mM  Tris-HQ  pH  6.8,  20%  glycerol,  4.6%  SDS,  0.1% 
bromophenol  blue  and  10%  2-mercaptoethanol)  for  SDS-T^AGE. 

Immunoblotting 

After  stimulation,  cells  were  lysed  in  0.5  ml  of  sample  buffer  and 
incubated  at  room  temperature  for  20  min.  After  centrifugation  at 
14  000  g  for  5  min,  post-nuclear  detergent  cell  lysates  were  collected. 
Proteins  were  separated  by  SDS-PAGE  and  transferred  to  nitrocellulose 
(Scleicher  &  Schuell,  Keene,  NH).  Membranes  were  blocked  in  5%  milk 
(diluted  in  Tris-buffered  saline  and  0.1%  Tween-20)  and  incubated  with 
the  appropriate  antibody  at  4°C  overnight.  HRP-^rotein  A  or  HRP-sheep 
anti-mouse  IgG  was  used  as  secondary  reagent.  After  extensive  washing, 
the  targeted  proteins  were  detected  by  enhanced  chemiluminescence 


(ECL).  Where  indicated,  blots  were  stripped  by  treatment  with  2%  SDS 
and  100  mM  2-mercaptoethanol  in  TBS,  and  then  reprobed  with  desired 
antibodies  and  detected  by  ECX. 

In  vitro  wound  healing  assessment 

Fibroblasts  were  grown  on  coverslips  (10®  cells)  until  confluent.  The 
culture  was  ‘wounded*  with  a  razor  bl^e  by  swiping  the  coverslip  to 
generate  an  open  area  with  no  cells.  The  coverslips  were  rinsed  and  cells 
allowed  to  migrate  into  the  wound  site  in  complete  media  with  or  without 
inhibitors  for  5  h  unless  noted  otherwise.  Fibroblast  migration  was 
assessed  by  live  cell  microscopy.  For  the  mixed  cell  experiments,  the 
fibroblasts  were  stained  with  either  PKH26  or  PKH67  fluorescent  vital 
dyes  (Sigma),  mixed  and  allowed  to  grow  together  overnight  before 
wounding  and  assessment  by  fluorescence  microscopy.  To  measure 
healing  time,  cells  were  grown  in  tissue  culture  dishes  until  confluent, 
wounded  mih  an  18g  needle  and  then  periodically  examined  until  the 
wound  was  completely  sealed.  The  data  were  analyzed  by  Student’s  r-test. 

Transwell  chemotaxis  assay 

Fibroblasts  were  typsinized,  washed  and  suspended  in  IMDM  with  5% 
BSA.  A  total  of  10^  cells  were  then  loaded  into  the  upper  chamber  of  a 
Transwell  (Coming,  Coming,  NY)  migration  plate  (8  \tm  pore)  and 
allowed  to  migrate  toward  IMDM  ±  5%  fetal  tovine  serum  for  5  h  at 
37®C.  After  migration,  the  upper  surface  of  the  membrane  was  thoroughly 
cleaned  with  a  cotton  swab,  stained  with  Wright  stain  (Sigma)  and  the 
cells  that  migrated  to  the  lower  surface  counted  (five  random  20X  fields/ 
well). 

Calpain  fluorescence  assay 

Fibroblasts  were  seeded  into  9^well  plates  (10^  cells/well)  and  allowed 
to  attach  overnight  The  cells  were  then  serum  starved  for  8  h  before 
treatment  with  10%  FBS  in  IMDM  for  30  min.  The  medium  was  removed 
and  200  pi  of  62.5  inM  SLLVY-AMC,  a  cell-permeable  calpain  substrate, 
in  reaction  buffer  (115  mM  NaQ,  1  mM  KH2PO4,  5  mM  KQ,  2  mM 
CaQ2  1.2  mM  MgS04  and  25  mM  HEPES  pH  7.25)  were  added  and 
fluorescence  assessed  using  a  Perkin  Elmer  7000  Bio^say  Reader  (360/ 
465  nm).  When  inhibitors  were  used,  the  cells  were  incubated  with  the 
inhibitor  for  1  h  prior  to  addition  of  the  substrate,  and  the  assay  conducted 
in  the  presence  of  the  inhibitor. 

Centrifugation  adherence  assay 

Cells  were  seeded  into  a  96-well  plate  (2000  cells/well)  and  allowed  to 
attach  overnight.  Cells  were  semm  starved  for  8  h  before  treatment  with 
or  without  10%  FBS  in  IMDM  for  30  min.  The  plate  was  then  sealed, 
inverted  and  centrifuged  at  2300  g  for  5  min  at  37°C.  After  rinsing,  the 
remaining  attached  cells  were  stained  with  Wright  stain  (Sigma)  and 
counted.  Cell  adherence  is  represented  as  the  percent  of  the  total 
remaining  serum-treated  cells  compared  with  the  non-treated  cells. 

Fibroblast  attachment  rate 

MEKK1+/+  (wild-type)  <Mr  MEKKl-deficient  fibroblasts  were  resus¬ 
pended  in  complete  me^a  and  allowed  to  attach  in  either  untreated  or 
fibronectin-coated  tissue  culture  plates  (Bectoh  Dickinson,  Bedford, 
MA).  The  number  of  attached  cells  was  determined  over  the  course  of  2  h 
by  phase  microscopy  of  a  defined  plate  area. 

Immunofluorescence 

Cells  were  transfected  with  lipofectamine  and  grown  on  glass  coverslips. 
Two  days  after  transfection,  die  cells  were  treated  with  50  ng/ml  EGF  or 
serum-^  medium  alone  for  30  min,  then  the  medium  was  removed  and 
the  cells  fixed  in  3%  paraformaldehyde/3%  sucrose  in  phosphate-buffered 
saline  (PBS)  for  10  min.  FoUowing  three  PBS  washes,  the  cells  were 
permeabilized  for  10  min  with  0.1%Triton  X-100  in  PBS.  After  washing, 
the  cells  were  blocked  in  10%  donkey  serum  in  PBS  for  1  h  at  room 
temperature.  The  coverslips  were  then  incubated  with  anti-FAK  (BD 
Transduction  Laboratories)  in  3%  BSA/PBS  for  1  h.  After  three  washes, 
the  coverslips  were  incubated  with  Cy5-conjugated  anti-mouse  antibodies 
(Jackson  Immunoieseaich)  and  rhodaraine-phalloidin  (Molecular 
Probes)  in  3%  BSA/PBS  for  1  h.  Following  washing,  cells  were  mounted 
in  75%  glycerol/25%  PBS/Tris  pH  7.5. 

Quantitation  of  vinculin  In  focal  adhesions 

Cells  migrating  into  the  wound  area  resulting  frrom  the  razor  swipe  of  a 
confluent  monolayer  of  fibroblasts  were  paraformaldehyde  fixed  at  12  h 
post-wounding.  Cells  were  stained  with  the  mouse  anti-vinculin  antibody 
followed  by  FTTC-conjugated  donkey  anti-mouse  antibody.  Images  were 
taken  every  0.4  pm  along  the  Z-axis  and  deconvolved  using  the  nearest- 
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neighbors  algorithm  Slidebook  program  from  Intelligent  Imaging,  Inc. 
(Denver,  CO).  The  section  at  the  substratum  interface  with  the  best  in¬ 
focus  vinculin  staining  was  selected  for  measurement  of  the  integrated 
fluorescence  intensity  in  focal  adhesions.  The  cell  area  for  the  section  was 
also  determined  using  Slidebook.  The  fluorescence  intensity  of  vinculin 
per  cell  area  was  calculated  for  MEKK1+/+,  MEKKl-/-  and  add-back 
clones  from  three  independent  experiments.  The  data  were  pooled  and 
analyzed  statistically  using  Student’s  /-test. 

Supplementary  data 

Supplementary  data  are  available  at  The  EMBO  Journal  Online. 
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Reoviruses  Infect  a  variety  of  mammalian  hosts  and  serve 
as  an  important  experimental  system  for  studying  the 
mechanisms  of  virus-induced  injury.  Reovirus  Infection 
induces  apoptosis  in  cultured  cells  in  vitro  and  in  tar¬ 
get  tissues  in  vivo,  Including  the  heart  and  central  ner¬ 
vous  system  (CNS).  In  epithelial  cells,  reovirus-induced 
apoptosis  involves  the  release  of  tumor  necrosis  factor 
(TNF)-related  apoptosis-inducing  ligand  (TRAIL)  from  in¬ 
fected  cells  and  the  activation  of  TRAIL-associated  death 
receptors  (DRs)  DR4  and  DR5.  DR  activation  is  followed 
by  activation  of  caspase  8,  cleavage  of  Bid,  and  the  sub¬ 
sequent  release  of  pro-apoptotic  mitochondrial  factors. 
By  contrast.  In  neurons,  reovirus-induced  apoptosis  in¬ 
volves  a  wider  array  of  DRs,  including  TNFR  and  Fas,  and 
the  mitochondria  appear  to  play  a  less  critical  role.  These 
results  show  that  reoviruses  induce  apoptotic  pathways 
in  a  cell  and  tissue  specific  manner,  in  vivo  there  is  an  ex¬ 
cellent  correlation  between  the  location  of  viral  infection, 
the  presence  of  tissue  injury  and  apoptosis,  indicating 
that  apoptosis  is  a  critical  mechanism  by  which  disease 
is  triggered  in  the  host.  These  studies  suggest  that  inhibi¬ 
tion  of  apoptosis  may  provide  a  novel  strategy  for  limiting 
virus-induced  tissue  damage  following  infection. 

Keywords:  apoptosis;  caspases;  death  receptors;  mitochon¬ 
dria;  reovirus. 


Introduction:  Mammalian  reoviruses 

Reoviruses  are  non-enveloped,  cytoplasmically  replicat¬ 
ing  viruses  comprised  of  two  concentric  protein  capsids 
surrounding  a  genome  consisting  of  10  segments  of 
double-stranded  (ds)  RNA.^  Each  dsRNA  segment  en¬ 
codes  a  single  protein,  except  for  the  SI  gene  segment, 
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which  is  bicistronic.  Reoviruses  are  ubiquitous  viruses 
that  have  been  isolated  from  a  wide  variety  of  mam¬ 
malian  species  including  humans.  In  humans,  the  viruses 
are  still  considered  orphan  viruses’  as  they  have  not  been 
definitively  linked  to  disease,  although  they  have  been 
associated  with  diarrheal  illnesses,  upper  respiratory  in¬ 
fections,  hepatobiliary  diseases,  including  biliary  atresia, 
and  rare  cases  of  central  nervous  system  (CNS)  infection.^ 
By  contrast,  natural  and  experimental  infection  of  ani¬ 
mals  produces  a  wide  variety  of  diseases.  The  most  exten¬ 
sively  studied  experimental  system  involves  infection  of 
neonatal  mice,  where,  depending  on  the  viral  strain  and 
route  of  inoculation,  reovirus  infection  in  mice  can  pro¬ 
duce  disease  in  a  variety  of  organs  including  the  CNS  and 
heart.^ 


Reovirus-induced  apoptosis  is 
determined  by  the  reovirus  S1  and  M2 
gene  segments 

One  of  the  most  useful  properties  of  reoviruses  is  the  ca¬ 
pacity  to  generate  reassortant  viruses  when  cells  or  animals 
are  simultaneously  coinfected  with  two  different  strains 
of  virus.  Reassortants  are  progeny  viruses  that  contain  dif¬ 
ferent  combinations  of  gene  segments  derived  from  two 
infecting  parental  strains.  By  comparing  the  phenotype 
of  these  reassortant  viruses  to  that  of  the  parental  viruses 
the  role  of  specific  virus  genes  in  the  determination  of 
viral-induced  phenotypes  can  be  determined.  This  strat¬ 
egy  has  been  employed  to  identify  viral  determinants  of 
apoptosis  in  a  variety  of  cultured  cells.  For  example,  the 
prototype  reovirus  strains.  Type  1  Lang  (TIL),  Type  3 
Dearing  (T3D)  and  Type  3  Abney  (T3A)  differ  in  their 
ability  to  induce  apoptosis  in  infected  L929  fibroblasts, 
with  T3D  and  T3A  being  significantly  more  apoptogenic 
than  TIL.  Analysis  of  two  independent  sets  of  reassortant 
viruses  generated  from  TIL  x  T3DandTlL  X  T3Aboth 
identified  a  significant  association  between  the  capacity  of 
viral  reassortants  to  induce  apoptosis  and  the  presence  of 
the  T3  SI  and  M2  gene  segments. These  same  two  gene 
segments  were  also  identified  as  important  determinants 
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of  apoptosis  in  Madin-Darby  canine  kidney  (MDCK)  cells 
and  the  SI  gene  segment  alone  as  a  determinant  of  apop¬ 
tosis  in  HeLa  cells. 

In  addition  to  determining  the  ability  of  reovinises  to 
induce  apoptosis  in  infected  cells  the  SI  gene  segment 
is  also  a  key  determinant  of  reovirus-induced  G2/M  cell 
cycle  arrest,  an  effect  that  results  from  inhibition  of  the 
G2/M  regulatory  kinase  p34^^^^  and  the  resulting  inhibi¬ 
tion  of  cellular  DNA  synthesis."^’^’^  G2/M  cell  cycle  arrest 
has  recently  been  shown  to  be  the  result  of  the  activity 
of  the  non-structural  Sl-encoded  protein  cr  Is.^  Infection 
of  cells  with  a  reovirus  crls  null-mutant  virus  (clone  84 
MA)  results  in  apoptosis  without  associated  cell  cycle  ar¬ 
rest  indicating  that  apoptosis  and  cell  cycle  dysregulation 
can  be  dissociated.^’^  In  addition,  treatment  of  infected 
cells  with  caspase  inhibitors,  calpain  inhibitors,  or  inhibi¬ 
tion  of  NF-zrB  activation,  all  of  which  prevent  apoptosis 
(see  below),  have  no  effect  on  reovirus-induced  cell  cycle 
arrest.^ 

In  distinction  to  the  key  role  played  by  the  crls  pro¬ 
tein  in  reovirus-induced  cell  cycle  arrest,  several  lines  of 
evidence  suggest  that  it  is  the  Sl-encoded  a  I  protein 
that  is  the  major  determinant  of  reovirus-induced  apop¬ 
tosis.  First,  apoptosis  can  be  induced  by  UV-inactivated 
replication-incompetent  virions,  which  lack  cr  Is.^  Sec¬ 
ond,  apoptosis  can  also  be  induced  at  non-permissive  tem¬ 
peratures  by  a  variety  of  reovirus  temperature-sensitive 
(ts)-mutants,  which  are  arrested  at  defined  steps  in  viral 
replication  and  fail  to  synthesize  crls  in  infected  cells. 
Finally,  the  reovirus  (Tls-null  mutant  clone  84MA  fails 
to  induce  G2/M  arrest  in  infected  cells,  but  retains  the 
capacity  to  induce  apoptosis,  indicating  that  a  Is  is  not 
required  for  this  process. 

In  both  L929  cells  and  MDCK  cells,  but  not  HeLa 
cells,  the  reovirus  M2  gene  is  associated  with  the  SI  gene 
as  a  determinant  of  apoptosis.  The  M2  gene  encodes  the 
major  viral  outer  capsid  protein  /xl//xlc.^“^  Linear  re¬ 
gression  analysis  indicates  that  both  the  SI  and  M2  genes 
contribute  to  the  apoptotic  phenotype  and  that  the  M2 
effects  are  not  simply  the  result  of  SI  and  M2  being  linked 
or  co-segregating  in  the  reassortant  pools.^”^  Incubation 
of  infected  cells  with  monoclonal  antibodies  (MAbs)  di¬ 
rected  against  either  the  al  (viral  attachment),  <7  3  or 
fjil  proteins  (outer  capsid)  can  inhibit  apoptosis.^  In  the 
case  of  the  a  1  MAbs  this  almost  certainly  reflects  their 
capacity  to  inhibit  viral  cell  attachment.  However,  both 
anti-/u,l  and  anti-or3  MAbs,  which  do  not  inhibit  viral 
cell  attachment,  but  which  do  prevent  virion-uncoating, 
can  inhibit  apoptosis. These  MAb  studies  and  the  deter¬ 
mination  of  the  M2  gene  as  a  determinant  of  apoptosis, 
suggest  that  early  events  during  viral  entry,  but  subse¬ 
quent  to  virus  engagement  of  cellular  receptors,  are  re¬ 
quired  for  apoptosis.  This  interpretation  has  subsequently 
been  supported  by  experiments  using  temperature  sensi¬ 
tive  (ts)-mutants  blocked  at  different  stages  in  the  reovirus 


replication  cycle  and  pharmacological  inhibitors  of  re¬ 
ovirus  uncoating. 


The  reovirus  attachment  protein 

In  virions,  the  reovirus  a  1  protein  is  a  homot rimer  com¬ 
prised  of  an  elongated  fibrous  tail,  which  inserts  into  the 
virion,  and  an  externally  facing  globular  head.  The  head 
of  both  the  TIL  and  T3D  a  I  proteins  contain  an  inde¬ 
pendent  receptor-binding  domain  that  binds  junction  ad¬ 
hesion  molecule  (JAM).^^  The  fibrous  tail  of  the  reovirus 
<t1  protein  also  contains  receptor-binding  domains.^"^  In 
T3crl  this  additional  region  binds  Of -linked  sialic  acid, 
whereas  a  separate  region  of  the  T1  cr  1  mediates  the  bind¬ 
ing  of  TIL  to  an  as  yet  unidentified  cell  surface  carbo¬ 
hydrate. 

To  investigate  the  contribution  of  the  JAM  and  sialic 
acid  binding  domains  during  T3  reovirus  infection  mono- 
reassortant  viruses  were  constructed  containing  the  SI 
gene  from  either  the  non-sialic-acid-binding  strain  T3C44 
(strain  T3SA— )  or  from  the  sialic-acid-binding  strain 
T3C44-MA  (strain  T3SA+)  on  a  TIL  background. 

As  expected,  experiments  using  these  reassortant  viruses 
show  that  T3SA—  binds  JAM  while  T3SA+  binds  both 
JAM  and  sialic  acid.^^  In  addition,  it  was  found  that  MAbs 
directed  against  hJAM  (J10,4)  completely  block  the  abil¬ 
ity  of  T3SA—  to  bind  to  human  neuronal  precursor  (NT2) 
cells,  indicating  the  requirement  of  JAM  for  T3  reovirus 
binding  in  the  absence  of  sialic  acid.^^  Antibodies  di¬ 
rected  against  hJAM  also  significantly  block  the  ability 
of  T3SA+  to  bind  to  NT2  cells  and  HeLa  cells,  although 
residual  binding  activity  above  background  remained.  ^ 
The  fact  that  growth  of  T3SA+  in  HeLa  cells  in  the  pres¬ 
ence  of  mAb  J10.4  is  only  minimally  reduced  (less  than 
2-fold  at  48  hr)  suggests  that  this  residual  binding  activ¬ 
ity  is  sufficient  to  act  as  a  functional  receptor  when  hJAM 
is  absent  or  inaccessible.^^  T3SA"-  and  T3SAd-  grow 
equally  well  in  L929  cells,  however  in  HeLa  cells  T3SA— 
growth  is  reduced  compared  to  that  of  T3SA+.^  The 
binding  of  sialic  acid  in  addition  to  JAM  at  early  times 
post  attachment  is  thus  proposed  to^enhance  both 
reovirus-attachment  and  growth  in  some  cell 
types.^’^® 

Whereas  there  seems  to  be  some  flexibility  on  the  bind¬ 
ing  of  sialic  acid  and  JAM  for  reovirus  growth  both  of  these 
receptors  are  required  for  the  ability  of  reovirus  to  induced 
apoptosis  in  infected  cells.  Thus,  T3SA+  induces  high 
levels  of  apoptosis  in  both  HeLa  and  L929  cells,  whereas 
T3SA—  induces  little  or  no  apoptosis  in  these  cell  types. ^ 
In  addition,  the  removal  of  cell  surface  sialic  acid  with 
neuraminidase  or  the  incubation  of  virus  with  sialyllac- 
tose,  a  trisaccharide  comprised  of  lactose  and  sialic  acid 
abolishes  the  capacity  of  T3SA+  to  induce  apoptosis.^ 


142  Apoptosis  ^Vol8‘No2^  2003 


Reovtrus-induced  apoptosis 


I 


Reovirus-induced  apoptosis  requires 
viral  disassembly  but  not  viral 
replication 

Although  the  induction  of  apoptosis  in  reovirus-infected 
cells  is  dependent  on  viral  binding  to  both  the  JAM  re¬ 
ceptor  and  sialic  acid  co-receptors,  engagement  of  these 
receptors  alone  is  not  sufficient  to  elicit  apoptosis  and 
early  steps  in  the  viral  replication  cycle  are  also  required. 
Following  viral  cell  attachment  and  subsequent  receptor- 
mediated  endocytosis,  reovirions  are  proteolytically  dis¬ 
assembled  to  form  infectious  sub-virion  particles  (ISVPs); 
a  process  characterized  by  the  removal  of  the  outer  cap¬ 
sid  protein  or  3,  proteolytic  cleavage  of  /x1//a1C  and  con¬ 
formational  changes  in  al.  Blocking  proteolysis  of  re- 
ovirus  virions  with  ammonium  chloride,  which  inhibits 
endosomal  acidification,  or  E64,  which  inhibits  cysteine- 
containing  endocytic  proteases,  blocks  reovirus-induced 
apoptosis,  indicating  that  viral  disassembly  is  required 
for  apoptosis  in  infected  cells.  In  vitro  generated  ISVPs 
are  capable  of  inducing  apoptosis,  however  like  virions 
their  ability  to  induce  apoptosis  is  blocked  by  ammonium 
chloride  suggesting  that  endosomal  events  are  critical  in 
inducing  apoptosis  and  that  this  is  not  simply  a  result 
of  the  role  endosomes  play  in  mediating  conversion  of 
virions  to  ISVPs.^® 

Treatment  of  infected  cells  with  the  viral  RNA  syn¬ 
thesis  inhibitor  ribavirin  does  not  prevent  apoptosis.  In 
addition,  particles  lacking  genomic  dsRNA  are  capable 
of  inducing  apoptosis,  indicating  that  the  key  apoptosis- 
initiating  event  precedes  and  does  not  require  viral  RNA 
synthesis.^®  Further,  ts  reovirus  mutants  with  mutations 
resulting  in  defects  in  outer  capsid  assembly  (tsB352/L2 
gene),  and  in  dsRNA  synthesis  (tsD357/Ll  gene,  tsE320/ 
S3  gene)  are  capable  of  inducing  similar  levels  of  apopto¬ 
sis  at  both  non-permissive  (39°  C)  and  permissive  (32°  C) 
temperatures.  Temperature  sensitive  mutants  with  defects 
in  viral  core  (tsC447/S2  gene)  and  outer  capsid  assembly 
(tsG453/S4  gene)  also  still  induce  apoptosis  at  39° C,  but 
only  about  half  as  efficiently  as  they  do  at  32°  Since 
ail  these  ts  mutants  undergo  endosomal  processing,  their 
ability  to  induce  apoptosis  is  consistent  with  a  key  role 
for  endosomal  vesicle-related  events  in  apoptosis  induc¬ 
tion.  However,  the  fact  that  assembly  defects  can  influence 
the  efficiency  of  this  process  suggests  that  non-endosomal 
factors  also  modulate  this  process. 

The  observation  that  UV-inactivated  reovirions  can  in¬ 
duce  apoptosis  also  indicates  that  replication  is  not  ab¬ 
solutely  required  for  induction  of  apoptosis,  provided  the 
inoculum  size  is  sufficient.^  Further  support  for  the  lack  of 
a  reqilirement  for  replication  comes  from  studies  in  L929 
and  MDCK  cells,  which  indicate  that  there  is  little  corre¬ 
lation  between  the  efficiency  with  which  reovirus  strains 
replicate  in  particular  cells,  and  their  capacity  to  induce 
apoptosis. Consistent  with  these  results,  inhibition  of 


apoptosis  in  reovirus-infected  cells,  typically  has  either  no 
eflTect  on  viral  titer  or  results  in  modest  titer  reduction  on 
the  order  of  0.5  log.^^^^ 

Reovirus  induced  apoptosis  requires 
activation  of  the  transcription  factor 
NF-kB 

Nuclear  factor  kappa  B  (NF-/cB)  is  a  transcription  factor 
that  is  normally  prevented  form  migrating  to  the  nucleus 
and  binding  to  DNA  by  its  association  in  the  cytoplasm 
with  members  of  the  I/cB  family  of  inhibitory  proteins. 
Site  specific  phosphorylation,  followed  by  ubiquitination 
and  proteosomal  degradation  of  I/cB,  allow  for  NF-/cB 
activation.  Reovirus-infection  transiently  activates  NF- 
/cB  in  a  variety  of  cell  types,  including  L929,  MDCK 
and  HeLa  cells, This  activation  can  be  detected  by  elec¬ 
trophoretic  mobility  shift  assays  (EMSA)  as  early  as  4  h 
post  infection  (pi)  and  peaks  at  10  h  pi.^®  Similarly,  ex¬ 
pression  of  an  NF-atB -dependent  luciferase  reporter  gene 
is  transient  in  reovirus-infected  cells  where  expression  is 
detectable  at  12  h  pi  and  peaks  at  .  18  h  pi.^^  Inhibi¬ 
tion  of  NF-zcB.by  stable  over-expression  of  an  IacB  super¬ 
repressor  or  treatment  of  cells  with  a  proteasome  inhibitor 
that  blocks  l/cB  degradation  (Z-LsVS)  inhibits  reovirus- 
induced  apoptosis. Apoptosis  is  also  inhibited  in  im¬ 
mortalized  mouse  embryo  fibroblasts  (MEFs)  with  tar¬ 
geted  disruptions  in  the  genes  encoding  the  p50  or  p65 
subunits  of  NF-/cB.^®  These  results  suggest,  in  contradis¬ 
tinction  to  many  other  models  of  apoptosis,  that  at  early 
hmes  following  reovirus  infection  NF-/cB  exerts  a  pro- 
rather  than  anti-apoptotic  influence. 

Similar  to  reovirus-induced  apoptosis,  NF-/cB  activa¬ 
tion  in  reovirus-infected  cells  requires  the  engagement  of 
both  the  sialic  acid  and  JAM  receptors  by  the  reovirus  vi¬ 
ral  attachment  protein,  cr  1.^*^^  This  observation,  suggests 
that  only  sialic  acid-binding  reovirus  strains,  including 
most  T3  strains,  but  no  T1  strains,  would  activate  NF- 
kB,  a  prediction  that  has  not  yet  been  tested.  Again,  sim¬ 
ilarly  to  reovirus-induced  apoptosis,  NF-fcB  activation  in 
reovirus-infected  cells  requires  viral  disassembly  but  not 
viral  replication.^^  The  exact  mechanism  by  which  re¬ 
ceptor  engagement  and  viral  disassembly  activate  NF-a:B 
remains  unknown  although  numerous  potential  mecha¬ 
nisms  have  been  discussed. It  has  been  suggested 
that  the  conformational  change  in  crl  that  occurs  dur¬ 
ing  disassembly  may  enhance  the  affinity  of  <t1  for  sialic 
acid,  JAM,  or  both  receptors,  leading  to  receptor  aggrega¬ 
tion  and  stimulation  of  intracellular  signaling.  Proteolytic 
processing  of  /il//xlC  during  virion  disassembly  may  also 
influence  virus-receptor  interactions  and  would  provide  a 
mechanistic  explanation  for  the  contribution  of  the  M2 
gene  to  the  efficiency  of  apoptosis. Finally,  JAM  exists 
in  a  complex  of  tight  junction  proteins  that  includes  the 
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ras-interacting  protein  AF-6.  Since  ras-mediated  path¬ 
ways  have  been  implicated  in  the  activation  of  NF-/cB 
this  may  also  constitute  a  mechanism  whereby  NF-zcB  is 
activated  in  reovirus-infected  cells. 


tion  of  this  technology  to  identify  changes  in  expression 
of  apoptosis-related-genes  and  their  transcription  factor 
dependence  is  underway. 


Reovirus-induced  apoptosis  is 
associated  with  the  activation  of  JNK 
and  the  JNK-dependent  transcription 
factor  c-Jun 

Reovirus  infection  results  in  viral  strain-specific  patterns 
of  selective  activation  of  the  c-Jun  N-terminal  kinase 
(JNK),  extracellular-related  kinase  (ERK),  and  p38 
mitogen-activated  protein  kinase  (MAPK)  signaling 
pathways  in  infected  cells.^^  Activation  of  JNK  can  be 
detected  within  10  h  of  T3  — ,  but  not  TIL— ,  reovirus 
infection  in  L929  cells  and  increases  steadily  for  the  first 
24  h.  ERK  shows  a  bimodal  pattern  of  activation  with 
an  early  phase  resolving  within  30  min  of  infection  fol¬ 
lowed  by  a  Second  activation  phase  detectable  at  2  h  pi. 
In  distinction  to  JNK  activation,  the  late  phase  of  ERK 
activation  appears  equally  robust  in  cells  infected  with 
TIL,  T3A,  and  T3D.^:^  In  contrast  to  their  activation  of 
ERK  and  JNK,  reovirus  strains  do  not  appear  to  activate 
p38MAPKs.25 

Pharmacologic  inhibition  of  ERK  activation  does  not 
either  augment  or  inhibit  reovirus-induced  apoptosis  in¬ 
dicating  that  the  activation  of  this  kinase  is  not  required 
for  reovirus-induced  apoptosis.^^  By  contrast,  the  capac¬ 
ity  of  reovirus  strains  to  activate  JNK  correlates  closely 
with  their  capacity  to  induce  apoptosis. In  addition,  ex¬ 
periments  using  TIL  X  T3D  reassortants  indicate  that 
the  same  viral  gene  segments  that  determine  apoptosis 
•induction  (SI  and  M2)  are  also  key  determinants  of  JNK 
activation,^^  Preliminary  studies  also  suggest  that  inhi¬ 
bition  of  JNK  activation  with  pharmacologic  inhibitors 
inhibits  reovirus-induced  apoptosis  (unpublished). 

Reovirus-induced  JNK  activation  is  associated  with 
the  subsequent  activation-related  phosphorylation  of  the 
JNK-dependent  transcription  factor  c-Jun. Increased 
activation  of  c-Jun  is  detectable  by  12  h  pi,  peaks  at  12- 
24  h  pi  and  then  gradually  declines  to  baseline  by  48  hrs 
pi.^^  Although  the  specific  receptor  requirement  for  JNK 
and  c-Jun  activation  has  not  been  identified,  the  results 
described  above  suggest  that,  like  apoptosis,  engagement 
of  both  JAM  and  sialic  acid  will  be  necessary  for  JNK 
activation. 

The  requirement  for  and  association  of  transcription 
factor  activation  with  reovirus-induced  apoptosis  sug¬ 
gests  that  de  novo  expression  of  cellular  genes  and/or  the 
consequences  of  activation  of  cellular  MAPK  signaling 
pathways  mediate  this  process.  Oligonucleotide  micro¬ 
arrays  have  been  utilized  to  analyze  reovirus-induced 
changes  in  gene  expression  in  infected  cells  and  applica- 


Reovirus-induced  apoptosis  is 
initiated  by  activation  of  death 
receptors 

Many  types  of  apoptosis  triggered  by  extrinsic  stimuli  are 
initiated  by  activation  of  members  of  the  tumor  necrosis 
factor  receptor  (TNFR)  superfamily  of  cell  surface  death 
receptors.  In  a  wide  variety  of  non-neuronal  cells  includ¬ 
ing  L929  cells,  human  embryonic  kidney  (HEK293)  cells 
and  several  human  cervical  (HeLa),  breast,  and  lung  cancer 
derived  cell  lines,  TNF-related  apoptosis-inducing  ligand 
(TRAIL)  and  its  receptors  play  a  key  role  in  reovirus- 
induced  apoptosis.^  TRAIL  is  a  widely  expressed  type- 
2  membrane  protein  that  was  identified  by  its  homology 
to  Fas  ligand  (FasL)  and  TNFof.  Following  its  release 
from  cells  TRAIL  can  induce  apoptosis  by  binding  to  spe¬ 
cific  cell  surface  death  receptors  (DRs),  DR4  (also  called 
TRAIL-Rl)  and  DR5  (also  called  Apo2,  TRAIL-R2, 
TRACK2  or  KILLER).  TRAIL  can  also  bind  to  the  re¬ 
ceptors  DcR-1  (for  Decoy  Receptor  1)  and  DcR-2.  These 
decoy  receptors  do  not  transduce  apoptotic  signals  and 
can  prevent  the  induction  of  apoptosis  in  TRAlL-treated 
cells.  TRAIL-mediated  activation  of  DR4  and  DR5  trig¬ 
gers  the  onset  of  DR  induced  apoptosis,  which  involves 
DR  oligomerization  and  the  close  association  of  their  cyto¬ 
plasmic  death  domains  (DDs).  This  is  followed  by  a  DD- 
associated  interaction  with  the  cytosolic  adapter  molecule 
FADD  (for  Fas  associated  death  domain),  and  the  recruit¬ 
ment  of  pro-caspase  8  to  form  a  death  inducing  signal¬ 
ing  complex  (DISC),  where  the  cleavage  of  pro-caspase  8 
results  in  the  generation  of  the  active  initiator  caspase, 
caspase  8.  Caspase  8  then  activates  the  effector  caspases 
(caspases  3,  6  and  7),  which  are  the  proteolytic  engines  of 
cell  death.^^ 

In  HEK293  cells,  L929  cells  and  a  variety  of  different 
cell  lines  derived  from  human  cancers,  reovirus-induced 
apoptosis  is  inhibited  by  the  presence  of  anti-TRAIL  anti¬ 
bodies  or  soluble  TRAIL  receptors  (Fc:DR4  and  Fc:DR5) 
and  by  the  over-expression  of  the  non-apoptosis-inducing 
TRAIL  receptor  DcR-1.^^’^^  In  contrast,  antibodies  di¬ 
rected  against  Fas  and  soluble  TNF  receptors  appeared  to 
have  no  effect  on  reovirus-induced  apoptosis  in  these  cells. 
Events  downstream  of  TRAIL-receptor  binding  are  also 
activated  following  reovims  infection.  For  example,  pro- 
caspase  8  is  cleaved  to  form  the  active  initiator  caspase,  cas¬ 
pase  8.^^’^^  In  HEK293  cells  the  activation  of  caspase  8  oc¬ 
curs  in  two  phases.  An  initial  phase  occurs  between  8  and 
14  h  pi  and  a  later  phase  occurs  between  24  and  34  h  pi,  by 
which  time  all  pro-caspase  8  has  been  cleaved. Caspase- 
8-activity  is  required  for  reovirus-induced  apoptosis  in 
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HEK293  cells.  Hence  the  expression  of  DN-FADD,  and  a 
peptide  inhibitor  of  caspase  8-activity  (lETD-FMK)  block 
reovirus-induced  apoptosis.^ Caspase-8  activation  fol¬ 
lowing  reovirus-infection  is  required  for  the  activation  of 
caspase  3,  as  demonstrated  by  the  inhibition  of  reovirus- 
induced  activation  of  caspase  3,  in  cells  expressing  FADD- 
DN.^^  Again  reovirus-induced  activation  of  caspase  3  is 
biphasic,  with  the  first  phase  beginning  around  8  hours 
pi  and  a  second  activation  beginning  at  24  h  pi.^^  The 
kinetics  of  caspase  8  and  caspase  3  activation  suggest  that 
these  two  events  occur  in  rapid  succession  in  reovirus- 
infected  cells.  Reovirus-induced  caspase  3-activity  corre¬ 
sponds  closely  to  the  cleavage  of  the  cellular  substrate 
PARP,  indicating  that  caspase  3  has  biological  activity  in 
infected  cells  and  can  participate  in  the  cleavage  of  cel¬ 
lular  substrates  to  induce  the  morphological  hallmarks  of 
apoptosis. 

Reovinis-infected  cells  release  soluble  TRAIL  into  the 
supernate,  providing  a  potential  mechanism  for  initiat¬ 
ing  both  autocrine  and  exocrine  (bystander)  apoptosis. 
TRAIL  release  from  infected  cells  can  be  detected  us¬ 
ing  supernatant  transfer  experiments. In  these  exper¬ 
iments  cells  are  infected  with  reovirus  and  then,  at  vari¬ 
ous  times  following  infection,  the  culture  supernatant  is 
removed  and  used  to  inoculate  a  TRAIL-sensitive  indi¬ 
cator  cell  line  (HeLa  cells).  Apoptosis  is  then  determined 
24  h  following  media-transfer.  Apoptosis  is  induced  in 
TRAIL-sensitive  indicator  cells  following  treatment  with 
media  taken  from  virus-infected  HEK293  cells  at  24,  38 
and  48  h  post-infection  (18,  30  and  68%  respectively).^^ 
This  apoptosis  is  inhibited  by  soluble  TRAIL  receptors 
(Fc:DR5  or  Fc:DR4)  indicating  it  is  TRAIL-specific.  In 
contrast,  apoptosis  in  the  indicator  cells  is  not  blocked 
with  a  neutrali2ing  polyclonal  antireovirus  antiserum  that 
neutralizes  both  reovirus  infection  and  apoptosis,  indicat¬ 
ing  that  apoptosis  in  the  indicator  line  is  not  mediated  by 
virus  present  in  the  transferred  supernatant. 

It  has  recently  been  shown  that  regulation  of  TRAIL 
and  DR-expression  is  mediated  by  NF-/cB  in  a  variety  of 
systems  and  that  NF-zcB  activation  is  required  for  the  up- 
regulation  of  TRAIL  and  DR-expression  in  cells  undergo¬ 
ing  apoptosis  induced  by  HTLV-1  Tax  and  the  chemother¬ 
apeutic  agents  etoposide  and  doxorubicin.^®”^ ^  Studies 
are  now  underway  to  determine  the  role  of  NF-zcB  in 
mediating  TRAIL  and  DR-expression  during  reovirus- 
induced  apoptosis. 

Binding  of  TRAIL  to  DR4/DR5  can  induce  activation 
of  JNK  and  c-Jun  through  a  TRAF  1 /2-dependent  pro¬ 
cess,  providing  a  potential  link  between  reovirus-induced 
death  receptor  activation  and  MAPK  induction.^^  How¬ 
ever,  inhibition  of  TRAIL  binding,  using  soluble  Fc:DR5 , 
inhibited  reovirus-induced  apoptosis  but  had  no  effect  on 
reovirus-induced  c-Jun  activation.^^  In  addition  JNK  ac¬ 
tivity  in  reovinis-infected  cells  precedes  detectable  TRAIL 
release.^^’^^’^^  These  results  indicate  that  JNK  activation 


in  reovirus-infected  cells  is  not  merely  a  consequence  of 
TRAIL/receptor  binding  and  that  other  mechanisms  of 
activation  must  be  present. 

Reovirus-induced  activation  of 
mitochondriai  apoptosis  pathway 

In  addition  to  activating  the  effector  caspases,  caspase 
8  can  also  cleave  the  pro-apoptotic  Bcl-2  family  mem¬ 
ber,  Bid.^^’^"^  Cleaved  Bid  translocates  to  the  mitochon¬ 
dria  where,  in  conjunction  with  other  pro-apoptotic  Bcl-2 
family  proteins  (e.g.  Bak  and  Bax),  it  contributes  to  the 
opening,  or  modification,  of  channels  in  the  mitochon¬ 
drial  membrane,  allowing  the  release  of  pro-apoptotic  fac¬ 
tors,  including  cytochrome  c  and  a  second  mitochondrial 
activator  of  apoptosis  (Smac,  also  called  DIABLO).  Cy¬ 
tochrome  c  assists  with  the  formation  of  a  macromolecular 
complex  (the  apoptosome),  which  utilizes  the  apoptotic 
protease  activating  factor  (APAF)-l  to  mediate  activation 
of  the  initiator  caspase,  caspase  9?^  Smac/DIABLO  binds 
to  cellular  inhibitor  of  apoptosis  proteins  (lAPs),  prevent¬ 
ing  their  inhibitory  actions  on  caspase  activity.^^  In  addi¬ 
tion  to  activating  the  effector  caspases,  caspase  9  can  also 
cleave  pro-caspase  8,  through  the  activation  of  caspase  3, 
which  may  act  to  amplify  the  apoptotic  response. It  is 
thought  that  in  addition  to  releasing  cytochrome  c  and 
Smac/DIABLO  the  mitochondria  may  also  contribute  to 
apoptosis  by  releasing  stores  of  pro-caspase  8,  which  then 
become  available  for  activation.^®  In  some  cell  types  acti¬ 
vation  of  the  mitochondrial  pathway,  through  the  caspase 
8-dependent  cleavage  of  Bid  may  be  required  for  ligand- 
induced  apoptosis,  whereas  other  cells  undergo  ligand- 
mediated  apoptosis  without  the  involvement  of  the  mi¬ 
tochondria.  At  the  molecular  level  these  cell  types  differ 
principally  in  the  amount  of  caspase  8  recruited  to  the 
ligand-activated  receptor. 

The  first  indication  that  mitochondrial  events  were  in¬ 
volved  in  reovirus-induced  apoptosis  came  from  the  ob¬ 
servation  that  reovirus-induced  apoptosis  is  inhibited  in 
MDCK  cells  that  over-express  Bcl-2,  which  inhibits  the 
formation  of  pores  in  the  mitochondrial  membrane  by 
binding  to  pro-apoptotic  “pore-forming”  Bcl-2  family 
members.^  It  was  subsequently  found  that  Bid  is  cleaved 
in  HEK293  cells  following  infection  with  reovirus. Sim¬ 
ilar  to  the  activation  of  caspase  8,  Bid  cleavage  is  bipha¬ 
sic.  The  release  of  cytochrome  c  from  the  mitochondria  of 
reovirus-infected  cells  at  10  hours  pi  and  the  associated 
activation  of  caspase  9  at  approximately  the  same  time, 
suggest  that  cleaved  Bid  is  able  to  induce  the  activation 
of  mitochondrial  apoptotic  pathways  in  reovirus-infected 
cells. Both  Bid  cleavage  and  the  release  of  cytochrome  c 
are  blocked  in  cells  expressing  DN-FADD,  indicating  that 
caspase  8  activity  is  required  for  activation  of  the  mito¬ 
chondrial  apoptotic  pathway  in  reovirus-infected  cells. 
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Smac/DIABLO  is  also  released  from  the  mitochondria 
of  reovirus-infected  cells  with  similar  kinetics  to  the  re¬ 
lease  of  cytochrome  c  and,  like  cytochrome  c,  Smac/ 
DIABLO  release  is  blocked  by  the  over-expression  of 
Bcl-2.^^  Although  reovirus-infection  results  in  both 
cytochrome  c -mediated  caspase  9  activation  and  Smac/ 
DIABLO  release,  recent  studies  suggest  that  it  is  likely 
that  Smac/DIABLO  release,  rather  than  caspase  9  acti¬ 
vation,  plays  a  critical  role  in  the  mitochondrial-related 
augmentation  of  death-receptor  initiated  apoptotic 
pathways. Thus,  stable  transfection  of  HEK293  cells 
with  DN-caspase  9  (caspase  9b)  only  inhibits  caspase  9- 
activation,  unlike  Bcl-2  over-expression,  which  blocks  all 
mitochondrially-mediated  events. Similarly,  caspase  9b 
expression  prevents  the  activation  of  caspase  9  in  reovirus- 
infected  cells  but  does  not  affect  reovirus-induced  acti¬ 
vation  of  caspase  3  or  reovirus-induced  PARP  cleavage, 
suggesting  that  although  caspase  9  is  activated  in  reovirus- 
infected  cells,  other  pathways  are  necessary  for  effector 
caspase  activation. 

As  noted,  Smac/DIABLO  acts  as  a  pro-apoptotic  fac¬ 
tor  by  inhibiting  lAP-mediated  caspase  inhibition.^^  This 
may  be  mediated  through  direct  binding  of  Smac/ 
DIABLO  with  target  lAPs.^^’^^^^  Alternatively,  lAP 
degradation  has  also  been  shown  to  represent  an  impor¬ 
tant  apoptotic  event  in  both  mammalian  cells  and  in 
drosophila  where  proteins  with  regions  homologous  to 
Smac/DIABLO  (Grim  and  REAPER)  promote  ubiquitin- 
mediated  DIAPl  degradation."^^”"^^  The  fact  that  in 
reovirus-infected  cells  some  cellular  lAPs  (survivin,  cIAP  1 
and  XIAP)  undergo  proteolytic  cleavage  and  degradation 
following  reovirus-infection,  and  that  this  can  be  pre¬ 
vented  in  cells  over-expressing  Bcl-2,  is  consistent  with  a 
key  role  for  Smac/DIABLO  in  mediating  mitochondrial- 
related  reovirus-induced  apoptotic  pathways.^^ 

In  addition  to  cytochrome  rand  Smac/DIABLO,  a  va¬ 
riety  of  other  mitochondrial  apoptotic  factors  have  been 
identified,  including  apoptosis  inducing  factor  (AIF).  Re- 
ovirus  infection  is  not  associated  with  release  of  AIF  in 
HEK293  cells. Neither  does  it  result  in  disruption  of 
mitochondrial  transmembrane  potential,  indicating  that 
the  release  of  pro-apoptotic  factors  from  the  mitochondria 
following  reovirus  infection  is  selective. This  is  consis¬ 
tent  with  ultrastructural  studies  in  reovirus-infected  cells 
that  suggest  that  disruption  of  mitochondrial  architecture 
is  not  a  typical  feature  of  reovirus  infection. 

As  previously  described,  activation  of  both  caspase-8 
and  Bid  show  a  biphasic  pattern  with  an  early-activation 
phase  at  8-10  h  pi  followed  by  a  later  activation  phase.^^ 
In  contrast,  reovirus-induced  release  of  Smac/DIABLO  is 
not  biphasic  and  occurs  just  after  the  early  phase  and  before 
the  late  phase  of  caspase  8-activation  and  Bid  cleavage. 
Over-expression  of  Bcl-2  inhibits  the  late  phase  of  caspase 
8  activation  without  affecting  the  early  phase,  suggesting 
that  the  late  phase  is  mitochondrial-dependent.  Taken  to¬ 


gether  these  results  are  consistent  with  a  model  in  which 
death-receptor  activation  initiates  reovirus  apoptosis,  and 
results  in  early  low  level  activation  of  effector  caspases. 
Mitochondrial-events,  likely  initiated  by  Bid  transloca¬ 
tion  and  involving  release  of  Smac/DIABLO,  then  amplify 
the  initial  death  receptor-initiated  signal  and  dramatically 
augment  effector  caspase  activation. 

In  addition  to  caspase  3,  the  effector  caspase,  caspase  7  is 
also  activated  following  reovirus  infection.^^  This  activa¬ 
tion  occurs  later  than  the  first  phase  of  caspase  3 -activity 
and  is  less  robust  suggesting  that  caspase  7  activation 
may  play  a  less  critical  role  in  reovirus-induced  apoptosis 
than  caspase  3.  In  addition,  the  observations  that  caspase 
7  activation  parallels  that  of  caspase  9  and  is  not  biphasic 
suggest  that  it  may  result  from  the  activation  of  caspase  9* 


Reovirus  sensitizes  celis  to 
TRAIL — induced  apoptosis 

In  addition  to  inducing  the  release  of  TRAIL  from  infected 
cells,  reovirus-infection  also  sensitizes  cells  to  TRAIL- 
induced  apoptosis.^^*^^  This  sensitization  is  detectable 
around  12  h  pi  and  increases  until  48  h  pi  when  the 
majority  of  celis  are  apoptotic.^ ^  Reovirus  infection  and 
TRAIL  treatment  have  synergistic  rather  than  merely  ad¬ 
ditive  effects  on  apoptosis,  and  infection  can  confer  TRAIL 
sensitivity  to  previously  TRAIL-resistant  cells  as  well 
as  increasing  the  TRAIL  sensitivity  of  partially  resistant 
lines. For  example,  reovirus  infection  increases  apop¬ 
tosis  in  TRAIL-treated  HEK293  cells  from  30%  to  90%, 
in  a  TRAIL-treated  human  breast  cancer  cell  line  (2R75- 
1)  from  <10%  to  80%,  in  a  TRAIL-treated  human  lung 
cancer  cell  line  (H157)from  10%  to70%  and  inaTRAIL- 
treated  human  ovarian  cancer  ceil  line  (OVCAR-3)  from 
10%  to  80%  (unpublished).^^’^^  This  finding  may  in¬ 
crease  the  potential  utility  of  TRAIL  as  an  agent  for  can¬ 
cer  therapy,  which  is  currently  limited  by  the  fact  that 
cancer  cells  of  all  types  differ  in  sensitivity  to  TRAIL- 
induced  apoptosis.  Although  TRAIL  receptor  expression 
may  be  up-regulated  in  HEK293  cells  the  ability  of  re¬ 
ovirus  to  sensitize  cells  to  TRAIL  does  not  appear  to  reflect 
an  increase  in  the  expression  of  TRAIL  receptors  in  sev¬ 
eral  human  cancer  cell  lines.^^  In  the  human  lung  cancer 
cell  line,  HI  57,  reovirus-induced  sensitization  of  cells  to 
TRAIL  is  associated  with  an  increase  in  the  activation  of 
caspase  8  and  caspase  3  and  is  blocked  by  the  caspase  8 
inhibitor  lETD-FMK,^^ 


Reovirus-induced  apoptosis 
requires  caipain 

Although  the  caspase  family  of  cellular  proteases  are  cen¬ 
tral  to  reovirus-induced  apoptosis,  the  calcium  dependent 
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papain-like  neutral  cysteine  protease,  calpain,  also  plays  a 
role  in  this  process.  Calpain  is  distributed  widely  through¬ 
out  the  cytosol  of  many  cell  types  and  exists  as  an  inactive 
pro-enzyme  in  steady  state  with  its  endogenous  inhibitor 
calpastatin.  Calpains  have  been  demonstrated  to  mediate 
differentiation  and  necrosis  and  to  participate  in  caspase- 
dependent  and  caspase-independent  apoptosis. 

Reovirus-induced  apoptosis  in  L929  cells  and  in  my- 
ocardiocytes  is  associated  with  an  increase  in  cellular  cal¬ 
pain  activity. Increased  calpain  activity  is  seen  in 
reovirus-infected  cells,  compared  to  mock-infected  cells, 
as  early  as  2  h  pi  and  this  activation  is  suppressed  by 
the  addition  of  the  calpain  active-site  inhibitor,  N-acetyl- 
leucyl-leucyl-norleucinal  (aLLN,  calpain  inhibitor  1)  and 
by  a  second  calpain  inhibitor,  PDl  50606,  an  a-mercapto- 
acrylic  acid  derivative  that  selectively  blocks  calpain’s 
calcium-binding  site  inhibitor. Calpain  inhibitors  also 
block  apoptosis  induced  by  T3  A,  TIL  and  UV-inactivated 
reovirus  indicating  the  role  of  calpain  in  this  process.  Cal¬ 
pain  activation  has  also  been  shown  to  occur  in  reovirus- 
infected  primary  cardiac  myocytes  and  again  treatment  of 
these  cells  with  a  calpain  inhibitor  (Z-leu-aminobutyric 
acid-CONH(CH2) 3-morpholine,  CX295)  protects  them 
from  reovirus-induced  apoptosis.  Further,  CX295  also 
dramatically  reduces  the  extent  of  apoptotic  myocardial 
injury  in  reovirus-infected  mice  (see  below)."^^  The  precise 
step  in  reovirus-induced  apoptosis  at  which  calpains  act 
is  unclear.  In  most  models  of  apoptosis  calpains  act  up¬ 
stream  of  caspases  and  the  early  onset  of  calpain  activity 
in  reovirus-infected  cells  suggests  that  this  may  is  also  be 
true  for  reovirus-induced  apoptosis.  Experiments  show¬ 
ing  the  effect  of  calpain  inhibitors  on  caspase-activation 
would  be  useful  to  confirm  this  possibility.  Calpain  has 
also  been  implicated  in  the  regulation  of  a  variety  of  cel¬ 
lular  transcription  factors,  including  NF-ftB  and  c-Jun 
activation,  which  may  both  play  a  role  in  reovirus-induced 
apoptosis."^^^^ 


Reovirus-induced  apoptosis  in  the 
mouse  CNS 

It  has  long  been  known  that  T3  reovirus  strains  infect 
neurons  within  specific  regions  of  neonatal  mouse  brain 
producing  a  lethal  meningoencephalitis.  Viral  replication 
and  pathology  co-localize  in  the  brain  and  have  a  predilec¬ 
tion  for  the  cortex  hippocampus  and  thalamus.  It  has  now 
been  shown  that  reovirus  induces  apoptosis  in  the  brain 
following  intracerebral  inoculation  of  newborn  mice  with 
T3D  and  fragmentation  of  DNA  into  oligonucleosomal 
length  ladders  can  be  detected  in  tissue  samples  prepared 
from  T3D—  but  not  mock-infected  brain  (8-9  days  pi), 
coinciding  with  maximal  viral  growth. 

In  an  effort  to  determine  the  relationship  between 
pathology,  apoptosis,  and  viral  infection,  brain  sections 


have  been  stained  with  TUNEL  and  antibodies  specific 
for  activated  caspase  3  to  detect  apoptosis,  and  with  poly¬ 
clonal  anti-reovirus  antisera  to  detect  viral  antigen.  At  a 
macroscopic  level  there  is  an  excellent  correlation  between 
areas  of  tissue  injury,  the  presence  of  apoptotic  cells,  and 
the  localization  of  viral  infection.^ At  a  microscopic 
level,  individual  cells  can  also  be  analyzed  for  the  pres¬ 
ence  of  viral  antigen  and  apoptosis.  In  brain,  most  cells  in 
infected  regions  are  both  TUNEL-positive  and  reovirus 
antigen-positive,  however  there  are  cells  in  these  regions 
that  are  apoptotic  but  antigen  negative.^ This  sug¬ 
gests  that  apoptosis  occurs  both  as  a  result  of  direct  viral 
infection,  and  in  uninfected  ‘bystander'  cells  adjacent  to 
productively  infected  cells. 

Studies  of  reovirus-infection  in  a  mouse  neuroblastoma- 
derived  cell  line  (NB4la3)  and  in  primary  mouse  cortical 
cultures  (MCC)  derived  from  embryonic  (E20)  mice  in¬ 
dicate  that  reovirus-induced  apoptosis  of  neurons  is  sim¬ 
ilar  to  reovirus-induced  apoptosis  of  non-neuronal  cells 
in  that  it  is  associated  with  increased  levels  of  caspase 
3-activity  and  is  blocked  with  the  caspase  3-inhibitor 
DEVD-FMK.52 

Again,  similar  to  the  mechanism  of  reovirus-induced 
apoptosis  in  epithelial  cells  reovirus  infection  induces  in¬ 
creased  caspase  8  activation  in  infected  neurons,  indicat¬ 
ing  that  neuronal  apoptosis,  like  that  in  its  epithelial  cell 
counterparts,  involves  death-receptor  activation. How¬ 
ever,  the  ligand-receptor  trigger  for  this  activation  ap¬ 
pears  to  be  less  specific  than  that  observed  in  epithe¬ 
lial  cells.  Thus,  whereas  reovirus-induced  apoptosis  in 
HEK293  cells  is  selectively  inhibited  by  blocking  TRAIL 
ligand/receptor  interaction,  reovirus-induced  apoptosis  in 
NB4  cells  is  inhibited  by  treating  cells  with  both  soluble 
TRAIL  receptors  (Fc:DR5)  and  soluble  TNFR  (FcTNFR- 
1),  and  reovirus-induced  apoptosis  in  MCCs  is  inhibited 

by  Fc:TNFR-l  and  Fc:Fas.52 

Another  distinction  between  reovirus-induced  apop¬ 
tosis  in  neuronal  and  epithelial  cells  may  be  the  extent 
of  involvement  of  the  mitochondrial  pathway.  In  con¬ 
trast  to  HEK  cells,  in  which  reovirus  infection  is  asso¬ 
ciated  with  robust  release  of  cytochrome  c  and  the  sub¬ 
sequent  activation  of  caspase  9,  in  neuronal  cultures  cy¬ 
tochrome  c  release  appears  to  occur  only  at  low  levels 
and  at  later  times  following  infection.^^  As  would  be 
predicted  from  this  result,  there  is  only  low  level  acti¬ 
vation  of  caspase  9  in  these  cells.^^  Consistent  with  these 
findings,  the  caspase  9  inhibitor  Z-LEHD-FMK  has  lit¬ 
tle  effect  on  reovirus-induced  neuronal  apoptosis,  which  is 
significantly  inhibited  by  either  caspase  8  (Z-IETD- 
FMK),  caspase  3  (Z-DEVD-FMK)  or  pan-caspase  inhi¬ 
bitors.^^  Studies  are  currently  underway  to  determine  if 
Smac/DIABLO  or  other  pro-apoptotic  factors  are  released 
during  reovirus-induced  neuronal  apoptosis. 

Studies  of  reovirus-infection  in  neuronal  cultures  also 
provide  further  evidence  of  bystander  apoptosis  seen 
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following  reovims  infection  and  in  both  MCC  and  NB4 
cells  dual  labeling  with  imunocytochemistry  and  TUNEL 
showed  that  although  a  great  majority  of  infected  cells 
were  undergoing  apoptosis  there  was  also  a  subset  of  apop- 
totic  cells  that  were  uninfected  but  located  in  proximity 
to  virus-infected  cells. Bystander  apoptosis  could  result 
from  the  release  of  TRAIL,  or  other  death  ligands,  from 
reovirus-infected  cells.  If  this  is  the  case  the  amount  of 
bystander  apoptosis  would  reflect  the  sensitivity  of  the 
surrounding  cells  to  the  released  ligand. 


Reovirus-induced  apoptosis 
is  responsibie  for  tissue  injury 

Although  studies  in  the  mouse  CNS  show  that  apoptotic 
cells  are  restricted  to  the  same  regions  of  the  brain  in  which 
infected  cells  and  tissue  damage  occur,  the  actual  demon¬ 
stration  that  reovirus-induced  disease  results  from  apop¬ 
tosis  came  from  studies  using  reovims  strain  8B,  a  vims 
that  efficiently  produces  myocarditis  in  infected  neonatal 
mice.^^  In  this  model,  reovirus  infection  results  in  apop¬ 
tosis  in  the  heart.  Similar  to  results  seen  in  the  mouse 
brain,  DNA  extracted  from  the  hearts  of  reovims-infected 
mice  is  fragmented  into  oligonucleosomal-length  ladders, 
indicative  of  apoptosis. Also  similar  to  results  seen  in 


reovims-infected  brain  tissue,  areas  of  TUNEL  positive 
cells  in  8B  infected  hearts  correlate  with  areas  of  histo¬ 
logic  damage  and  reovims  antigen."^^  Injury  to  the  heart 
following  reovims-infection  occurred  in  the  absence  of 
an  inflammatory  response,  also  suggesting  that  it  results 
from  apoptotic  cell  death."^^ 

Treatment  of  mice  with  the  calpain  inhibitor  CX295 
(dipeptide  alpha-ketoamide  calapin  inhibitor  2-Leu- 
aminobutyric  acid-CONH(CH2)3“morpoline)  is.  protec¬ 
tive  against  reovirus  induced-myocarditis  and  produces 
a  dramatic  reduction  in  histopathologic  evidence  of  my¬ 
ocardial  injury,  a  reduction  in  serum  creatine  phospho- 
kinase  (an  intracellular  enzyme  whose  release  into  the 
semm  is  a  quantitative  marker  of  skeletal  and  cardiac 
muscle  damage)  and  improved  weight  gain,"^^  Preven¬ 
tion  of  myocardial  injury  is  accompanied  by  a  virtually 
complete  inhibition  of  apoptotic  myocardial  cell  death, 
strongly  suggesting  that  vims-induced  apoptosis  is  a  key 
mechanism  of  cell  death,  tissue  injury  and  mortality  in 
reovims-infected  mice. 

Although  treatment  of  reovims-infected  animals  re¬ 
sults  in  a  marked  decrease  in  apoptosis  in  infected  tis¬ 
sues,  the  impact  on  viral  titer  is  less  dramatic,  and  only 
a  0.5  log  10  PFU/ml  reduction  is  observed  at  the  site  of 
primary  replication  primary  (hind  limb)  and  only  a  0.7 
log  10  PFU/ml  reduction  is  observed  in  the  heart. These 


Figure  1.  TRAIL  mediated  apoptosis  In  reovirus-infected  epithelial  cells.  Reovirus  induces  the  release  of  TRAIL  from  infected  cells. 
TRAIL  binds  to  DR4  and  DR5  initiating  their  association  with  FADD  and  pro-caspase  8.  Cleavage  of  pro-caspase  8  results  in  the 
activation  of  caspase  8,  which  then  activates  caspase  3  to  induce  apoptosis.  Caspase  8  also  cleaves  Bid  to  activate  the  mitochondrial 
apoptotic  pathway  resulting  in  the  release  of  cyctochrome  cand  Smac/DIABLO  into  the  cytosol.  Cytochrome  c assists  with  the  formation 
of  the  apoptosome,  which  utilizes  APAF-1  to  mediate  activation  of  caspase  9.  The  release  of  Smac/DIABLO  from  the  mitochondria 
results  In  the  release  of  lAP  inhibition  of  caspase  3-activity  and  leads  to  the  onset  of  apoptosis.  The  broad  arrows  indicate  events  that  are 
thought  to  be  critical  for  reovirus-induced  apoptosis  in  HEK  cells,  whereas  the  thin  arrows  represent  events  that  may  be  less  important. 
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results  are  similar  to  those  obtained  in  vitro  and  indicate 
that  inhibiting  apoptosis  has  only  a  modest  effect  on  virus 
growth. 

Conclusions  and  future  directions 

Over  the  past  few  years  considerable  advances  have  been 
made  in  our  knowledge  of  reovirus-induced  apoptosis, 
both  in  vitro  and  in  vivo.  Reovirus  triggers  apoptosis  during 
its  attachment  and  disassembly  in  infected  cells.  In  epithe¬ 
lial  cells,  these  events  stimulate  a  variety  of  cellular  path¬ 
ways,  including  the  activation  of  the  cellular  transcrip¬ 
tion  factors  NF-fcB  and  c-Jun,  the  release  of  TRAIL  from 
infected  cells  and  the  subsequent  activation  of  TRAIL- 
apoptotic  pathway.  TRAIL-induced  apoptosis  in  reovirus- 
infected  cells  is  associated  with  the  activation  of  the  death- 
receptor  associated  caspases,  caspase  8  and  3  (Figure  1). 
The  subsequent  activation  of  the  mitochondrial  apoptotic 
pathway  in  reovims-infected  cells,  which  requires  caspase 
8  activity,  releases  both  cytochrome  c  and  Smac/DIABLO 
into  the  cytoplasm.  The  action  of  Smac/DIABLO  appears 
to  be  a  key  mitochondrial  event  in  augmenting  reovirus 
induced  apoptosis,  presumably  through  its  action  on  cel¬ 
lular  lAPs.  In  neurons,  the  pathways  of  virus-induced 
apoptosis  are  also  initiated  through  death  receptors,  al¬ 
though  both  TNFR  and  Fas  may  play  a  role  in  addition  to 
DR4/DR5.  In  addition,  the  mitochondrial  pathway  may 
be  less  important  in  augmenting  DR-initiated  apoptosis 
in  neurons,  as  compared  to  epithelial  cells,  although  the 
precise  role  of  Smac/DIABLO  remains  to  be  established 
in  these  cells.  The  differences  between  neurons  and  non¬ 
neuronal  cells  clearly  indicate  that  the  same  virus  may 
differentially  activate  cellular  apoptotic  pathways  in  a  cell 
and  tissue  specific  manner. 

Although  the  mechanisms  of  reovirus-induced  apop¬ 
tosis  are  becoming  increasingly  understood,  a  number  of 
important  questions  remain.  For  example:  (1)  What  are 
the  specific  links  between  the  requirement  for  cellular 
transcription  factors  such  as  NF-/cB  and  c-Jun  and  the 
initiation  of  cellular  apoptotic  pathways?  (2)  What  role 
does  the  selective  activation  of  MAPK  cascades  play  in 
reovirus-induced  apoptosis  and  how  is  this  mediated?  (3) 
What  role  does  calpain  play  in  reovirus-induced  apoptosis, 
and  how  is  this  linked  to  caspase  cascades,  transcription 
factor  activation,  and  MAPK  cascades?  (4)  Can  organ  spe¬ 
cific  differences  in  apoptotic  pathways  be  identified,  and 
will  this  influence  the  response  of  these  organs  to  specific 
anti-apoptotic  therapies? 
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Cellular  transcription  factors  are  often  utilized  by  in¬ 
fecting  viruses  to  promote  viral  growth  and  influence 
cell  fate.  We  have  previously  shown  that  nuclear  factor 
kB  (NF-kB)  is  activated  after  reovirus  infection  and  that 
this  activation  is  required  for  virus-induced  apoptosis. 
In  this  report  we  identify  a  second  phase  of  reovirus- 
induced  NF-kB  regulation.  We  show  that  at  later  times 
post-infection  NF-icB  activation  is  blocked  in  reovirus- 
infected  cells.  This  results  in  the  termination  of  virus- 
induced  NF-kB  activity  and  the  inhibition  of  tumor  ne¬ 
crosis  factor  a  and  etoposide-induced  NF-kB  activation 
in  infected  cells.  Reovirus-induced  inhibition  of  NF-kB 
activation  occurs  by  a  mechanism  that  prevents  IkBck 
degradation  and  that  is  blocked  in  the  presence  of  the 
viral  RNA  synthesis  inhibitor,  ribavirin.  Reovirus-in¬ 
duced  apoptosis  is  mediated  by  tumor  necrosis  factor- 
related  apoptosis  inducing  ligand  (TRAIL)  in  a  variety 
of  epithelial  cell  lines.  Herein  we  show  that  ribavirin 
inhibits  reovirus-induced  apoptosis  in  TRAIL-resistant 
HEK293  cells  and  prevents  the  ability  of  reovirus  infec¬ 
tion  to  sensitize  TRAIL-resistant  cells  to  TRAlL-induced 
apoptosis.  Furthermore,  TRAlL-induced  apoptosis  is  en¬ 
hanced  in  HEK293  cells  expressing  IkBAN2,  which 
blocks  NF-kB  activation.  These  restdts  indicate  that  the 
ability  of  reovirus  to  inhibit  NF-kB  activation  sensitizes 
HEK293  cells  to  TRAIL  and  facilitates  virus-induced 
apoptosis  in  TRAIL-resistant  cells.  Our  findings  demon¬ 
strate  that  two  distinct  phases  of  virus-induced  NF-kB 
regulation  are  required  to  efficiently  activate  host  cell 
apoptotic  responses  to  reovirus  infection. 


Experimental  infection  with  mammalian  reoviruses  has  pro¬ 
vided  a  classic  model  of  viral  pathogenesis  (for  review,  see  Ref. 
1).  Reovirus  induces  apoptosis  both  in  cultured  cells  and  in 
target  tissues  (for  review,  see  Ref  2).  In  the  central  nervous 
system  and  heart,  virus-induced  apoptosis  correlates  with  pa¬ 
thology  and  is  a  critical  mechanism  by  which  disease  is  trig¬ 
gered  in  the  host  (3-5).  Reovirus  induces  apoptosis  by  a  p53- 


*  This  work  was  supported  by  National  Institute  of  Health  Public 
Health  Service  Grant  1RO1AG14071,  Merit  and  Research  Enhance¬ 
ment  Award  Program  (REAP)  grants  from  the  Department  of  Veterans 
Affairs,  U.  S.  Army  Medical  Research  and  Material  Command  Grant 
DAMD17-98- 1-8614,  and  by  the  Reuler-Lewin  Family  Professorship  of 
Neurology.  The  costs  of  publication  of  iiiis  article  were  defrayed  in  part 
by  the  payment  of  page  charges.  This  article  must  therefore  be  hereby 
marked  ^'advertisement”  in  accordance  with  18  U.S.C.  Section  1734 
solely  to  indicate  this  fact. 
t  Supported  by  the  Ovarian  Cancer  Research  Fund. 

H  To  whom  cprrespondence  should  be  addressed:  Dept,  of  Neurology 
(B  182),  University  of  Colorado  Health  Sciences  Center,  4200  East  9th 
Ave.,  Denver  CO  80262.  Tel.:  303-393-2874;  Fax:  303-393-4686;  E-mail: 
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independent  mechanism  that  involves  cellular  proteases, 
including  calpains  (3,  6)  and  caspases  (5,  7,  8). 

We  have  previously  shown  that  in  a  variety  of  human  epi¬ 
thelial  cell  lines  (7,  9)  reovirus-induced  apoptosis  is  mediated 
by  tumor  necrosis  factor  (TNF)^-related  apoptosis-inducing  li¬ 
gand  (TRAIL)  (for  review,  see  Ref.  10).  However,  reovirus  in¬ 
fection  triggers  apoptosis  in  both  TRAIL-sensitive  (7,  9)  and 
TRAIL-resistant  cells  (7).  The  question  as  to  how  reovirus 
induces  apoptosis  in  TRAIL-resistant  lines  has  been  answered 
in  part  by  the  observation  that  reovirus  can  sensitize  previ¬ 
ously  resistant  cells  to  killing  by  TRAIL  (7,  9).  Reovirus-in¬ 
duced  sensitization  of  cells  to  TRAIL  requires  caspase  8  activ¬ 
ity  and  is  associated  with  an  increase  in  the  cleavage  of  pro- 
caspase  8  in  cells  treated  with  TRAIL  and  reovirus  compared 
with  cells  treated  with  TRAIL  alone  (9).  The  mechanism  by 
which  reovirus  induces  increased  caspase  8  activation  in 
TRAIL-treated  cells  is,  however,  unknown. 

The  NF-kB  family  of  cellular  trcinscription  factors  promotes 
the  expression  of  a  variety  of  cellular  genes,  including  genes 
that  have  either  pro-  or  anti-apoptotic  effects,  and  it  is  thought 
that  the  balance  of  expression  of  NF-xB-regulated  genes  may 
determine  cell  fate  (12).  The  prototypical  form  of  NF-kB  exists 
as  a  heterodimer  of  proteins  p50  and  p65  (RelA)  (13, 14).  NF-kB 
is  normally  sequestered  in  the  cytoplasm  by  its  binding  to  a 
family  of  inhibitor  proteins,  collectively  known  as  IkB  (15,  16), 
In  response  to  a  variety  of  stimuli,  IkB  is  phosphorylated, 
resulting  in  its  ubiquitination  and  subsequent  degradation 
(17-20).  This  allows  the  release  of  NF-kB,  which  translocates  to 
the  nucleus  (21),  where  it  stimulates  cellular  gene  transcrip¬ 
tion  (for  review,  see  Refs.  22  and  23).  In  a  variety  of  cell  types, 
the  binding  of  reovirus  to  the  cell  surface  receptors  junctional 
adhesion  molecule  and  sialic  acid  induces  the  activation  of 
NF-kB  (24, 25).  In  TRAIL-sensitive  HeLa  cells  this  activation  is 
detected  2-12  h  post-infection  (pi),  involves  both  the  p65  and 
p50  subunits  of  NF-kB,  and  is  required  for  reovirus-induced 
apoptosis  (26).  In  HeLa  cells  reovirus-induced  NF-kB  activa¬ 
tion  and  apoptosis  require  viral  disassembly  but  not  subse¬ 
quent  events  of  reovirus  replication  and  are  not  inhibited  by 
the  viral  RNA  synthesis  inhibitor  ribavirin  or  by  replication 
incompetent  viruses  (27). 

The  experiments  described  below  investigate  the  role  of 
NF-kB  in  reovirus-induced  apoptosis  in  TRAIL-resistant 
HEIC293  cells.  These  studies  show  that  reovirus  infection  of 
HEK293  cells  results  in  an  initial,  transient  phase  of  NF-kB 
activation  that  is  required  for  reovirus-induced  apoptosis  in 


^  The  abbreviations  used  are:  TNF,  tumor  necrosis  factor;  TRAIL, 
TNF-related  apoptosis-inducing  ligand;  NF-kB,  nuclear  factor  kB;  IkB, 
inhibitor  kB;  pi,  post-infection;  EMSA,  electrophoretic  mobility  shift 
assay;  m.o.i.,  multiplicity  of  infection;  HIV-1,  human  immunodeficiency 
virus  t3q)e. 
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these  cells.  This  is  followed  by  a  later  phase  of  virus-induced 
NF-kB  inhibition.  Reovirus-induced  inhibition  of  NF-kB  acti¬ 
vation  is  associated  with  impaired  degradation  of  IkB  and  is 
inhibited  by  the  viral  RNA  synthesis  inhibitor,  ribavirin.  In 
contrast  to  findings  in  TRAIL-sensitive  HeLa  cells,  in  which 
ribavirin  blocks  reovirus  replication  but  not  apoptosis,  both 
these  events  are  blocked  by  ribavirin  in  TRAIL-resistant 
HEK293  cells.  Ribavirin  also  inhibits  reovirus-induced  sen¬ 
sitization  of  HEK293  cells  to  TRAIL-induced  apoptosis.  We 
further  show  that  HEK293  cells  are  sensitized  to  TRAIL- 
induced  apoptosis  by  the  expression  of  IkBAN2,  which  blocks 
the  activation  of  NF-kB.  This  suggests  that  the  ability  of 
reovirus  to  block  NF-kB  activation  at  later  times  post¬ 
infection  sensitizes  HEK293  cells  to  TRAIL-induced  apo¬ 
ptosis  and  is  critical  for  apoptosis  in  TRAIL-resistant  cells. 
The  demonstration  that  multiple  levels  of  virus-induced 
NF-kB  regulation  are  required  to  efficiently  activate  host  cell 
apoptotic  responses  to  reovirus  infection  represents  a  novel 
mechanism  of  viral-induced  apoptosis. 

EXPERIMENTAL  PROCEDURES 

Cells,  Viruses,  and  Reagents — HEK293  (ATCC  CRL1573)  were 
grown  in  Dulbecco*s  modified  Eagle’s  medium  supplemented  with  100 
units/ml  each  penicillin  and  streptomycin  and  containing  10%  fetal 
bovine  serum.  HeLa  cells  (ATCC  CCL2)  were  grown  in  Eagle’s  minimal 
essential  medium  supplemented  with  2.4  mM  L-glutamine,  nonessential 
amino  acids,  60  units/ml  each  penicillin  and  streptomycin  and  contain¬ 
ing  10%  fetal  bovine  serum  (Invitrogen).  HEK293  cells  expressing 
IkBAN2,  a  strong  dominant  negative  IkB  mutant  lacking  the  NH2- 
terminal  phosphorylation  sites  that  regulate  IkB  degradation  and  ttie 
consequent  activation  of  NF-kB,  were  a  kind  gift  from  Dr.  G.  Johnson). 
Reovirus  strain  Type  3  Abney  (T3A)  was  used  for  all  experiments.  T3A 
is  a  laboratory  stock  that  has  been  plaque-purified  and  passaged  (twice) 
in  L929  (ATCC  CCLl)  cells  to  generate  working  stocks  (28).  TRAIL  was 
obtained  from  Upstate  Biotechnology  and  Sigma,  TNFa  was  obtained 
from  Invitrogen,  and  etoposide  and  ribavirin  were  obtained  from  Sigma. 
Ribavirin  was  used  at  a  concentration  of  200  ftM. 

Apoptosis  Assays — Cells  were  assayed  for  apoptosis  by  staining  with 
acridine  orange  for  determination  of  nuclear  morphology  and  ethidium 
bromide  to  distinguish  cell  viability  at  a  final  concentration  of  1  pg/ml 
each  (29).  After  staining,  cells  were  examined  by  epifluorescence  mi¬ 
croscopy  (Nikon  Labophot-2,  B-2A  filter;  excitation,  450-490  nm;  bar¬ 
rier,  620  nm;  dichroic  mirror,  505  mn).  The  percentage  of  cells  contain¬ 
ing  condensed  nuclei  and/or  marginated  chromatin  in  a  population  of 
100  cells  was  recorded.  The  specificity  of  this  sissay  has  been  previously 
established  in  reovirus-infected  cells  using  DNA  laddering  techmques 
and  electron  microscopy  (9,  30). 

Caspase  3  Activity  Assays — Caspase  3  activation  assays  were  per¬ 
formed  using  a  kit  obtained  firom  Clontech.  Cells  (lx  10®)  were  centri¬ 
fuged  at  200  X  g  for  10  min,  supernatants  were  removed,  and  cell 
pellets  were  firozen  at  -70  ®C  until  all  time  points  were  collected. 
Assays  were  performed  in  96-well  plates  and  analyzed  using  a  fluores¬ 
cent  plate  reader  (C3rtoFluor  4000,  PerSeptive  Biosystems).  Cleavage  of 
DEVD-aminofluoromethylcoumarin,  a  synthetic  caspase-3  substrate, 
was  used  to  measure  caspase  3  activation  in  reovirus-infected  cells. 
Cleavage  after  the  second  Asp  residue  produces  fi*ee  aminofluorometh- 
ylcoumarin  that  can  be  detected  using  a  fluorescent  plate  reader.  The 
amount  of  fluorescence  detected  is  directly  proportional  to  the  amount 
of  caspase  3  activity. 

Electrophoretic  Mobility  Shift  Assay  (EMSA)— Nuclear  extracts  were 
prepared  firom  treated  cells  (5  X  10®)  by  washing  cells  in  phosphate- 
buffered  saline  followed  by  incubation  in  hypotonic  lysis  buffer  (10  mM 
HEPES  (pH  7.9),  10  mM  KCl,  1.6  mM  MgClg,  0.5  mM  dithiothreitol,  0.5 
mM  phenylmethylsulfonyl  fluoride,  and  a  inhibitor  mixture 

(Roche  AppUed  Science))  at  4  ®C  for  15  min.  One-twentieth  volume  10% 
Nonidet  P-40  was  added  to  the  cell  lysate,  and  the  sample  was  vortexed 
for  10  s  and  centrifuged  at  10,000  X  g  for  5  min.  The  nuclear  pellet  was 
washed  once  in  h3q)otonic  buffer,  resuspended  in  high  salt  buffer  (25% 
glycerol,  20  mM  HEPES  (pH  7,9),  0.42  m  NaCl,  1.5  mM  MgCla,  0.2  mM 
EDTA,  0.5  mM  dithiothreitol,  0.6  mM  phenylmethylsulfonyl  fluoride, 
and  protease  inhibitor  mixture),  and  incubated  at  4  ®C  for  2—3  h.  Sam¬ 
ples  were  centrifuged  at  10,000  X  g  for  10  min,  and  the  supernatant  was 
used  as  the  nuclear  extract. 

Nuclear  extracts  were  assayed  for  NF-kB  activation  by  EMSA  using 
a  ®^P-labeled  oligonucleotide  consisting  of  the  NF-kB  consensus  binding 


sequence  (Santa  Cruz  Biotechnology).  Nuclear  extracts  (5-10  pg  of  total 
protein)  were  incubated  with  a  binding  reaction  buffer  containing  2  fxg 
of  poly(dI-dC)  (Sigma)  in  the  presence  of  20  mM  HEPES  (pH  7.9),  60inM 
KCl,  1  mM  EDTA,  1  mM  dithiothreitol,  and  6%  glycerol  at  4  ®C  for  20 
min.  Radiolabeled  NF-kB  consensus  oligonucleotide  (0.1— 1.0  ng)w^as 
added,  and  the  mixture  was  incubated  at  room  temperature  for  20  min. 
For  competition  experiments,  a  10-fold  excess  of  unlabeled  consensus 
oligonucleotide  or  an  oligonucleotide  containing  the  SP-1  consensus  site 
(Santa  Cruz  Biotechnology)  were  added  to  reaction  mixtures.  Nucleo- 
protein  complexes  were  subjected  to  electrophoresis  on  native  5%  poly¬ 
acrylamide  gels  at  180  V,  dried  under  vacuum,  and  exposed  to  Bionax 
MR  film  (Eastman  Kodak  Co.). 

Luciferase  Gene  Reporter  Assays— The  NF-KB-dependent  luciftrase 
reporter  construct  was  a  gift  fi^om  Dr.  B,  Sugden.  The  construct  contains 
four  NF-kB  binding  sites  upstream  of  the  luciferase  gene.  HEK293 cells 
(1.5  X  10®)  in  6-well  tissue  culture  plates  (Costar)  were  incubated  for 
24  h  before  being  transfected  with  1  /ig  of  the  luciferase  reporter 
construct  and  1  pg  of  a  cytomegalovirus-j3-galactosidase  reporter  con¬ 
struct  (Clontech)  using  LipofectAMINE  (Invitrogen).  After  an  addi¬ 
tional  24-h  incubation,  cells  were  either  mock-infected  or  infected  ?dth 
T3A  at  an  m.o.i.  of  100  plaque-forming  units  per  cell  and  incubated  at 
37  ®C  for  various  intervals.  Cells  were  then  harvested  and  resuspended 
in  1  ml  of  sonication  buffer  (91  mM  dithiothreitol,  0.91  -M  I^HPO^  (pH 
7.8),  centrifuged  at  2000  X  g  for  10  min,  and  resuspended  in  100  4  of 
sonication  buffer.  Cells  were  vortexed,  firozen  (-20  ®C)  and  thawed 
three  times,  and  centrifuged  at  14,000  X  g  for  10  min.  Samples  (10  /xl) 
were  assessed  for  luciferase  activity  after  the  addition  of  360  fd  of 
luciferase  assay  buffer  (85  mM  dithiothreitol,  0.85  M  K2HPO4  (pH  7.8), 
60  mM  ATP,  15  mM  MgS04)  by  determining  optical  density  in  a  lumi- 
nometer  (Monolight  2010,  Analytical  Luminescence  Laboratory).  Sam¬ 
ples  were  assayed  for  j3-galactosidase  activity  using  standard  proce¬ 
dures  (32)  to  normalize  for  transfection  efficiency. 

Western  Blot  A/iofysis— After  infection  with  reovirus,  cells  were  pel¬ 
leted  by  centrifugation,  washed  twice  with  ice-cold  phosphate-buffered 
saline,  and  lysed  by  sonication  in  200  pi  of  a  buffer  containing  15  mM 
Tris,  pH  7.5,  2  mM  EDTA  10  mM  EGTA  20%  glycerol,  0.1%  Nonidet 
P-40,  60  mM  /3-mercaptoethanol,  100  /mg/ml  leupeptin,  2  /utg/ml  apro- 
tinin,  40  pM  Z-Asp-2,6-dichlorobenzoyloxime,  and  1  mM  phenylmeth- 
ylsulfonyl  fluoride.  The  lysates  were  then  cleared  by  centrifugation  at 
16,000  X  g  for  5  min,  normalized  for  the  protein  amount,  mixed  1:1 
with  SDS  sample  buffer  (100  mM  Tris,  pH  6.8,  2%  SDS,  300  mM 
p-mercaptoethanol,  30%  glycerol,  and  6%  pyronine  Y),  boiled  for  5 
min,  and  stored  at  -70  °C.  Proteins  were  electrophoresed  by  SDS- 
PAGE  (10%  gels)  and  probed  with  antibodies  directed  against  IkB  a 
(Santa  Cruz  No.  203).  All  lysates  were  standardized  for  protein  con¬ 
centration  with  antibodies  directed  against  actin  (Oncogene  No. 
CPOl).  Autoradiographs  were  quantitated  by  densitometric  analysis 
using  a  Fluor-S  Multilmager  (Bio-Rad). 

RESULTS 

Reovirus  Induces  the  Activation  of  NF-kB  in  TRAIL-resistant 
HEK293  Cells — Reovirus-induced  apoptosis  in  a  variety  of  ep¬ 
ithelial  cell  lines,  including  HEK293  cells  and  HeLa  cells,  is 
mediated  by  TRAIL  (7,  9).  However,  whereas  reovirus  induces 
similar  levels  of  apoptosis  48  h  pi  in  HeLa  and  HEK293  cells 
(Fig.  lA),  these  cell  types  differ  substantially  in  their  sensitiv¬ 
ity  to  TRAIL-induced  apoptosis  (Fig.  IB). 

We  have  previously  shown  that  reovirus  activates  NF-kB  in 
TRAIL-sensitive  (HeLa)  cells  and  that  this  activation  is  re¬ 
quired  for  reovirus-induced  apoptosis  in  these  cells  (15).  To 
determine  the  role  of  NF-kB  in  reovirus-induced  apoptosis  in 
TRAIL-resistant  cells  we  first  investigated  whether  NF-kB  is 
activated  after  reovirus  infection  of  these  cells.  HEK293  cells 
were  infected  with  reovirus  (m.o.i.  100),  and  at  various  times 
pi  nuclear  extracts  were  prepared  and  incubated  with  a 
®^P-labeled  oligonucleotide  probe  comprising  NF-kB  binding 
sequences.  After  incubation  with  nuclear  extracts  from  reovi¬ 
rus-infected  cells  the  mobility  of  the  oligonucleotide  probe  dur¬ 
ing  electrophoresis  was  retarded,  indicating  the  binding  of 
activated  NF-kB  to  the  probe  sequences  (Fig.  2A).  Activated 
NF-KB-probe  complexes  in  reovirus-infected  cells  were  present 
2—4  h  pi  and  were  tmdetectable  at  later  times  pi»  Binding 
specificity  was  demonstrated  by  the  fact  that  an  excess  of  cold 
NF-kB,  but  not  SP-1,  sequences  prevented  the  appearance  of 
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Fig.  1.  Reovirus  and  TRAILrinduced  apoptosis  in  HeLa  and 
HEK293  cells.  HEK293  and  HeLa  cells  were  treated  with  reovirus 
(m.o.i.  0, 10, 100)  for  48  h  (A)  or  TRAIL  (0-200  n^ml)  for  24  h  (B).  The 
graph  shows  the  mean  percentage  apoptosis  obtained  from  three  inde¬ 
pendent  experiments.  Error  bars  represent  S.E, 

both  the  reovirus-induced  (Fig.  2,  upper  hand)  and  non-stimu¬ 
lus-induced  (Fig.  2,  lower  hand)  NF-KB-probe  complexes 
(Fig.  2B). 

Luciferase  reporter  gene  assays  were  also  used  to  show  that 
NF-kB  is  activated  after  infection  of  HEK293  cells  with  reovi¬ 
rus  infection.  Cells  were  transfected  with  a  construct  contain¬ 
ing  the  luciferase  gene  imder  the  control  of  NF-kB  binding 
sequences.  After  transfection,  cells  were  infected  with  reovirus 
(m.o.i.  100),  and  at  various  times  pi  cells  were  harvested  and 
assayed  for  luciferase  activity.  Fig.  2C  shows  that  luciferase 
gene  expression  is  increased  after  infection  with  reovirus.  A 
3-fold  increase  in  reporter  gene  activity  was  detected  as  early 
as  6  h  pi,  peaked  at  12  h  pi  (5-fold  increase),  and  then  declined 
(Fig.  2C).  Luciferase  reporter  gene  activity  was  not  detected 
12  h  after  reovirus  infection  of  cells  expressing  a  dominant 
negative  form  of  IkBAN2,  which  lacks  the  sites  necessary  for 
IkB  phosphorylation.  The  subsequent  ubiqvdtination  and  deg¬ 
radation  of  IkB,  which  is  necessary  for  NF-kB  activation,  is 
thus  blocked  in  these  cells.  These  results  indicate  that  NF-kB  is 
activated  in  a  transient  manner  after  reovirus-infection  of 
HEK293  cells. 

NF-kB  Activation  Is  Required  for  Reovirus-induced  Apo¬ 
ptosis — ^After  having  shown  that  NF-kB  is  activated  after  reo¬ 
virus  infection  of  TRAIL-resistant  cells  we  next  wished  to  de¬ 
termine  whether  NF-kB  is  required  for  reovirus-induced  apo¬ 
ptosis  in  these  cells.  HEK293  were  infected  with  reovirus,  and 
at  various  times  post-infection  were  harvested  and  assayed  for 
apoptosis.  Compared  with  mock-infected  cells,  reovirus  infec¬ 
tion  resulted  in  a  significant  increase  in  the  number  of  apo- 
ptotic  cells  at  both  24  and  48  h  pi.  However,  reovirus-induced 
apoptosis  was  blocked  in  cells  expressing  IkBAN2  (Fig.  3A). 
Reovirus-induced  apoptosis  was  also  assayed  by  measuring 
caspase  3-activity  using  a  fluorogenic  substrate  assay.  In¬ 
creased  caspase  3  activity,  compared  with  mock-infected  cells, 
was  detected  at  18  h  (3-fold)  and  24  h  (7.5-fold)  pi.  Again, 
reovirus-induced  caspase  3-activity  was  blocked  in  cells  ex¬ 
pressing  IkBAN2  (Fig.  3B).  These  results  indicate  that  NF-kB 
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Fig.  2.  Activation  of  NF-i^  after  reovirus  infection  of  HEK293 
cells.  A,  EMSA  of  reovirus-infected  HEK293  cells.  Nuclear  extracts 
were  prepared  at  various  times  after  infection  with  reovirus  (m.o.i.  100) 
and  were  incubated  with  a  *®P-labeled  oligonucleotide  consisting  of  the 
NF-kB  consensus  binding  sequence.  Incubation  mixtures  were  resolved 
by  acrylamide  gel  electrophoresis,  dried,  and  exposed  to  film.  Reovirus- 
induced  NF-kB*DNA  complexes  are  indicated.  B,  specificity  of  reovirus- 
induced  NF-kB'DNA  complexes.  HEK293  cells  were  infected  with  reo¬ 
virus  or  were  mock-infected.  Nuclear  extracts  were  prepared  4  h  after 
infection,  and  EMSA  analysis  was  performed  using  a  ®^P-labeled  oligo¬ 
nucleotide  consisting  of  the  NF-kB  consensus  binding  sequence.  The  gel 
shows  NF-kB*DNA  complexes  present  in  nuclear  extracts  prepared 
from  mock  {lane  1)  and  reovirus  {lane  2)-infected  cells.  Also  shown  are 
reactions  from  reovirus-infected  cells  incubated  with  an  excess  of  cold 
oligonucleotide  sequences  comprising  SPl  {lane  3)  and  NF-kB  {lane  4) 
consensus  binding  sequences.  C,  NF-KB-dependent  luciferase  expres¬ 
sion  in  reovirus-infected  HEK293  cells.  HEK293  cells  (1.5  X  10®)  ex¬ 
pressing  wild  type  {WT)  IkB  or  IkBAN2  were  transfected  with  1  p,g  of  a 
luciferase  reporter  construct  containing  NF-kB  binding  sites.  After 
24  h,  cells  were  infected  with  T3A  (m.o.i.  100)  and  incubated  at  37  *C  for 
the  times  shown.  Cell  extracts  were  then  prepared,  and  luciferase 
activity  was  determined.  The  results  are  expressed  as  the  mean  lucif¬ 
erase  units  for  three  independent  experiments.  Error  bars  indicate  S.E. 


activation  is  required  for  reovirus-induced  activation  of  caspase 
3  and  apoptosis. 

Reovirus  Prevents  the  Activation  of  NF-kB  by  TNFa  and 
Etoposide — ^Although  reovirus  induces  NF-kB  after  infection  of 
HEK293  cells,  this  activation  is  transient  in  nature.  We  next 
investigated  whether  the  transient  nature  of  reovirus-induced 
NF-kB  activation  resulted  from  a  block  in  NF-kB  activation  at 
later  times  pi.  Both  TNFa  (100  ng/ml)  and  etoposide  (100  /xm) 
are  classic  inducers  of  NF-kB  and  cause  a  rapid  and  robust 
activation  of  NF-kB  in  HEK293  cells  as  determined  by  the 
appearance  of  a  shifted  probe  band  after  EMSA  in  treated,  but 
not  untreated  cells  (Fig.  4A).  NF-kB  binding  was  seen  as  early 
as  1  h  after  treatment  with  TNFa  and  etoposide  and  was 
persistent.  Prior  infection  of  cells  with  reovirus  blocked  the 
appearance  of  the  TNFa  and  etoposide-induced-shifted  probe 
band  compared  with  that  seen  in  mock-infected  cells  (Fig.  4B). 
In  contrast,  there  was  no  difference  in  the  intensity  of  the  lower 
NF-KB-probe  complex  after  etoposide  or  TNFa  treatment  in 
either  mock  or  reovirus-infected  cells.  These  results  indicate 
that  reovirus  infection  blocks  the  activation  of  NF-kB  after 
treatment  of  HEK293  cells  with  TNFa  or  etoposide,  indicating 
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Fig.  3.  NF-i^  activation  is  required  for  reovirus-induced 
apoptosis  and  caspase  3  activity.  HEK293  cells  expressing  wild  type 
(WT)  IkB  or  IkBAN2  were  infected  with  reovirus  (m.o.i.  100)  and  as¬ 
sayed  for  apoptosis  (A)  and  caspase  3  activity  (B)  at  various  times  pi. 
The  results  are  expressed  as  the  mean  percentage  apoptosis  or  fold- 
activation  obtained  from  three  independent  experiments.  Error  bars 
indicate  S.E. 


that  reovirus  infection  both  induces  and  then  inhibits  the  ac¬ 
tivation  of  NF-kB. 

Reovirus  Blocks  the  Degradation  of  IkB  after  Treatment  of 
Cells  with  Etoposide  and  TNF — Activation  of  NF-kB  results 
from  the  stimulus-induced  degradation  of  the  inhibitor  family 
of  proteins,  collectively  known  as  IkB.  Treatment  of  HEK293 
cells  with  the  NF-KB-inducing  stimuli  etoposide  (100  /llm)  and 
TNF  (100  ng/ml)  thus  causes  the  degradation  of  IkB  as  detected 
by  Western  blot  analysis  using  an  antibody  directed  against 
iKBa  (Fig.  5A).  Degradation  of  IkBq:  is  detectable  around  1  h 
after  treatment  with  both  TNF  and  etoposide,  and  levels  grad¬ 
ually  decline  over  a  24-h  period.  In  contrast,  no  changes  in 
levels  of  iKBa  were  detected  after  reovirus  infection  (Fig.  5B). 
We  next  determined  whether  reovirus  blocked  etoposide-  and 
TNF-induced  activation  of  NF-kB  by  inhibiting  IkBck  degra¬ 
dation.  Cells  were  infected  with  reovirus  (m.o.i.  100).  Then, 
at  various  times  pi  cells  were  treated  with  etoposide  (100  jutM) 
or  TNF  (100  ng/ml).  After  a  further  3  h,  to  allow  etoposide 
and  TNF-induced  IkB  a  degradation,  cells  were  harvested  and 
assayed  for  the  presence  of  IkBo^  by  Western  blot  analysis. 
When  etoposide  was  added  2  h  after  reovirus  infection  etopo¬ 
side  induced  the  degradation  of  IkBcx  as  expected.  However, 
by  4  h  pi  the  ability  of  etoposide  to  induce  the  degradation  of 
IkBo  was  inhibited,  and  at  12  h  pi  there  was  no  degradation 
of  iKBa  after  etoposide  treatment  (Fig.  55).  Similar  results 
were  obtained  after  TNF  treatment  of  reovirus-infected  cells 
(Fig.  55).  These  results  indicate  that  the  mechanism  by 
which  reovirus  inhibits  NF-kB  activation  at  later  times  pi 
involves  inhibition  of  IkB  degradation  in  reovirus-infected 
cells. 

Reovirus-induced  Inhibition  of  Stimulus-induced  IkBo  Deg¬ 
radation  Requires  Viral  RNA  Synthesis — ^The  ability  of  reovi¬ 
rus  to  inhibit  stimulus-induced  IkBo^  degradation  and  subse¬ 
quent  NF-kB  activation  occurs  somewhat  later  than  would  be 
expected  for  the  initial  events  of  viral  infection,  including  re- 


TNF:  0  1  2  3  4  5  6  8 


B 


Activated 
NF-kB  ► 
complex 


TNF  Etop. 
14  14 


TNF  Etop. 
14  14 


L 


_ I 

Mock 


I _ I 

Reovirus 


Fig.  4.  Reovirus  prevents  TNFa  and  etoposide-induced  activa¬ 
tion  of  NF-kB.  A,  time  course  of  NF-kB  activation  after  treatment  with 
TNFa  and  etoposide.  HEK293  cells  were  treated  with  TNFa  (100  ng/ml) 
or  etoposide  (100  jutM)  for  the  indicated  times.  Nuclear  extracts  were 
then  prepared,  and  EMSA  analysis  was  performed  using  an  oligonu¬ 
cleotide  probe  comprising  NF-kB  binding  sequences.  Shifted  bands, 
corresponding  to  activated  NF-kB*DNA  complexes,  are  indicated.  B, 
prior  infection  with  reovirus  prevents  TNFa-  and  etoposide-induced 
NF-kB  activation.  HEK293  cells  were  infected  with  reovirus  or  wer^ 
mock-infected.  12  h  pi  cells  were  treated  with  TNFa  (100  ng/ml)  or 
etoposide  (100  pM)  (Etop,),  Nuclear  extracts  were  prepared  after  treat¬ 
ment  at  the  times  indicated,  and  EMSA  was  performed  using  an  oligo¬ 
nucleotide  probe  comprising  NF-kB  binding  sequences.  Stimulus-in¬ 
duced  NF-kB*DNA  complexes  are  indicated. 


ceptor  binding,  viral  entry,  and  disassembly,  and  is  more  con¬ 
current  with  the  time  at  which  viral  proteins  are  produced  in 
reovirus-infected  HEK293  cells  (not  shown).  Therefore  we  next 
investigated  whether  viral  replication  was  required  for  reovi¬ 
rus-induced  inhibition  of  IkB  degradation.  Ribavirin  is  a  viral 
RNA  synthesis  inhibitor  that  inhibits  reovirus  replication  (27). 
Cells  were  infected  with  reovirus  (m.o.i.  100)  in  the  presence  or 
absence  of  ribavirin.  12  h  after  infection  cells  were  treated  with 
etoposide  (100  /xm)  for  3  h.  They  were  then  harvested  and 
analyzed  by  Western  blot  analysis  using  an  IkB  antibody.  Fig. 
6A  shows  that  etoposide  treatment  of  mock-infected  cells  in  the 
presence  or  absence  of  ribavirin,  results  in  the  degradation  of 
IkB.  As  expected,  in  reovirus-infected  cells  the  ability  of  etopo¬ 
side  to  induce  the  degradation  of  IkB  is  blocked.  However, 
etoposide  does  induce  IkB  degradation  in  cells  treated  with 
both  reovirus  and  ribavirin,  indicating  that  viral  RNA  synthe¬ 
sis  is  required  for  reovirus-induced  inhibition  of  stimulus-in¬ 
duced  IkB  degradation. 

Reovirus-induced  Apoptosis  in  HEK293  Cells  Requires  Viral 
RNA  Synthesis — Having  shown  that  reovirus-induced  inhibi¬ 
tion  of  IkB  degradation  requires  viral  replicati6n  and  is  blocked 
in  the  presence  of  ribavirin,  we  investigated  the  effect  of  riba¬ 
virin  on  reovirus-induced  apoptosis.  HEK293  cells  were  in¬ 
fected  with  reovirus  in  the  presence  or  absence  of  ribavirin. 
After  48  h  cells  were  harvested  and  assayed  for  apoptosis. 
Ribavirin  significantly  inhibited  reovirus  (m.o.i.  100)-induced 
apoptosis  in  HEIC293  cells  (Fig.  65),  indicating  that  reovirus- 
induced  inhibition  of  apoptosis  of  HEK293  cells  requires  viral 
RNA  replication.  In  contrast,  ribavirin  did  not  inhibit  reovirus- 
induced  apoptosis  in  TRAIL-sensitive  HeLa  cells,  as  has  pre¬ 
viously  been  shown  (27). 
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Fig.  5.  Reovirus  prevents  etoposide-induced  degradation  of 
licBa.  A,  time  course  of  etoposide-  and  TNF-induced  IkBu  degradation. 
HEK293  cells  were  treated  with  etoposide  {Etop.y  100  /jlm)  or  TNF  (100 
ng^ml).  After  the  indicated  times  cells  were  harvested  for  Western  blot 
analysis.  After  SDS-PAGE,  blots  were  probed  with  an  anti-lKfia  anti¬ 
body.  By  time  course  of  levels  of  IkB®  in  reovirus-infected  cells.  HEK293 
cells  were  infected  with  reovirus  (m.o.i.  100).  After  the  indicated  times 
cells  were  harvested  for  Western  blot  analysis.  After  SDS-PAGE,  blots 
were  probed  with  an  anti-lKBoc  antibody.  C,  reovirus  prevents  etopo¬ 
side-  and  TNF-induced  degradation  of  IkBoc.  HEK293  cells  were  in¬ 
fected  with  reovirus  (m.o.i.  100).  At  the  times  indicated  pi  cells  were 
treated  with  etoposide  (100  /ulm)  or  TNF  (100  ng/ml).  After  a  further  3  h, 
to  allow  these  reagents  to  induce  IkBoc  degradation,  cells  were  har¬ 
vested  for  Western  blot  analysis.  After  SDS-PAGE,  blots  were  probed 
with  an  anti-lKBa  antibody.  Also  shown  are  the  results  from  densito- 
metric  analysis. 


Viral  KNA  Synthesis  Is  Required  for  Reovirus-induced  Sen¬ 
sitization  of  Cells  to  TRAIL — ^We  have  previously  shown  that 
reovirus  sensitizes  cells  to  TRAILi-induced  apoptosis  (7, 9).  The 
fact  that  ribavirin  blocks  reovirus-induced  apoptosis  in  TRAIL- 
resistant  but  not  TRAIL-sensitive  cells  suggests  the  mecha¬ 
nism  by  which  reovirus  sensitizes  cells  to  TRAIL  requires  viral 
RNA  synthesis.  HEK293  cells  were  thus  infected  with  reovirus 
with  or  without  ribavirin.  24  h  post-infection  cells  were  then 
treated  with  TRAIL,  and  apoptosis  was  assayed  after  a  further 
24  h.  Fig,  6C  shows  that  reovirus-induced  sensitization  of  cells 
to  TRAIL  is  inhibited  in  the  presence  of  ribavirin,  indicating 
that  reovirus-induced  sensitization  of  cells  to  TRAIL  is  depend¬ 
ent  on  viral  RNA  synthesis. 

Inhibition  ofNF-KB  Activation  Sensitizes  Cells  to  Apoptosis 
Induced  by  TRAIL  and  TNFa — Our  results  indicate  that  riba¬ 
virin  blocks  both  reovirus-induced  apoptosis  in  TRAIL-resis- 
tant  cells  and  reovirus-induced  sensitization  of  TRAIL-resis- 
tant  cells  to  TRAIL-induced  apoptosis.  Because  ribavirin  also 
blocks  the  ability  of  reovirus  to  inhibit  NF-kB  activation  in 
infected  cells  at  later  times  pi  we  wished  to  determine  whether 
inhibition  of  NF-kB  activation  was  the  mechanism  by  which 
reovirus  sensitizes  TRAIL-resistant  cells  to  TRAIL-induced 
apoptosis.  HEK293  cells  expressing  IkBAN2  were  treated  with 
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Fig.  6.  In  HEK293  cells  reovirus  replication  is  required  for 
reovirus-induced  inhibition  of  NF-kB  activation  by  etoposide, 
reovirus-induced  apoptosis,  and  reovirus-induced  sensitization 
of  cells  to  TRAIL.  A,  ribavirin  blocks  the  ability  of  reovirus  to  inhibit 
etoposide-induced  IkBo:  degradation.  Cells  were  infected  with  reovirus 
or  were  mock-infected  in  the  presence  or  absence  of  ribavirin.  12  h  after 
infection,  cells  were  treated  with  etoposide  or  were  left  untreated  for  3  h 
before  cells  were  harvested  for  Western  blot  analysis  using  an  anti-lKBcv 
antibody.  B,  ribavirin  blocks  reovirus-induced  apoptosis  in  HEK293 
cells.  IffiK293  cells  and  HeLa  cells  were  infected  with  reovirus  (m.o.i. 
100)  or  were  mock-infected  (m.o.i.  0)  in  the  absence  {black  bars)  or 
presence  {shaded  bars)  of  ribavirin.  After  48  h  cells  were  harvested  and 
assayed  for  aiwptosis.  The  graph  shows  the  mean  percentage  apoptosis 
obtained  from  three  independent  experiments.  Error  bars  represent 
S.E.  C,  ribavirin  blocks  reovirus-induced  sensitization  of  cells  to  TRAIL. 
HEK293  cells  were  infected  with  reovirus  (m.o.i.  10)  or  were  mock- 
infected  in  the  absence  {black  bars)  or  presence  {shaded  bars)  of  riba¬ 
virin.  24  h  after  infection,  cells  were  treated  with  TRAIL  (20  ng/ml). 
After  a  further  24  h  cells  were  harvested  and  assayed  for  apoptosis.  The 
graph  shows  the  mean  percentage  apoptosis  obtained  from  three  inde¬ 
pendent  experiments.  REOy  reovirus.  Error  bars  represent  S.E. 


various  concentrations  of  TRAIL.  At  24  h  after  treatment  cells 
were  harvested  and  assayed  for  apoptosis.  High  concentrations 
of  TRAIL  (200  ng/ml)  did  not  induce  significant  levels  of  apo¬ 
ptosis  in  HEK293  cells  expressing  vector  alone  compared 
with  untreated  cells.  In  contrast,  both  20  and  200  ng/ml 
TRAIL  induced  significant  apoptosis  in  HEK293  cells  ex¬ 
pressing  IkBAN2  (Fig.  7A).  Apoptosis  was  also  determined 
using  caspase  3  activity  assays.  Cells  were  treated  with  sim¬ 
ilar  concentrations  of  TRAIL  and  were  harvested  4  h  after 
treatment  for  caspase  3  activity  assays.  At  4  h  pi  TRAIL  (20 
and  200  ng/ml)  induced  caspase  3  activity  in  HEK293  cells 
expressing  IkBAN2  but  not  in  cells  expressing  vector  alone 
(Fig.  7A).  An  8-fold  increase  in  caspase  3  activity  was  seen  in 
TRAIL  (20  ng/ml)-treated  cells  expressing  IkBAN2  compared 
with  cells  expressing  vector  alone,  and  at  200  ng/ml  TRAIL 
induced  a  20-fold  increase.  The  expression  of  IkBAN2,  thus, 
sensitizes  HEK293  cells  to  TRAIL-induced  apoptosis,  sug- 
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Fig.  8.  Reovirus  sensitizes  HEE293  cells  to  TRAILi  and  TIiIFck- 
induced  apoptosis.  HEK293  cells  were  infected  with  reovirus  (m.o.i. 
10)  or  were  mock-infected.  24  h  after  infection,  cells  were  treated  «rith 
TRAIL,  TNFa,  or  etoposide  (etop)  or  were  left  untreated.  After  a  further 
24  h,  cells  were  harvested  and  assayed  for  apoptosis.  The  graph  shows 
the  mean  percentage  apoptosis  obtained  from  three  independent  exper¬ 
iments.  Error  bars  represent  S.E.  Rco,  reovirus. 
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Fig.  7.  Expression  of  IkBAN2  sensitizes  cells  to  TRAIL  and 
TNFa-induced  apoptosis.  HEK293  cells  expressing  WT  IkB  or 
IkBAN2  were  treated  with  the  indicated  concentrations  of  TRAIL  04), 


gesting  that  reovirus-induced  inhibition  of  NF-/cB  activation 
is  the  mechanism  by  which  reovirus  sensitizes  of  cells  to 
TRAIL. 

Fig.  4  shows  that  TNFa  and  etoposide  induce  the  activation 
of  NF-kB  in  HEK293  cells.  TRAIL  also  induces  NF-kB  activa¬ 
tion  in  these  cells  (31).  Having  shown  that  the  expression  of 
IkBAN2  sensitizes  cells  to  TRAIL-induced  apoptosis,  we  next 
determined  whether  the  expression  of  IkBAN2  would  also  sen¬ 
sitize  HEK293  cells  to  TNF  and  etoposide-induced  apoptosis. 
Neither  TNFa  (200  ng/ml)  nor  etoposide  (100  /xm)  induced 
apoptosis  in  HEK293  cells.  However,  whereas  levels  of  TNFa 
as  low  as  2  ng/ml  induced  significant  apoptosis  in  cells  express¬ 
ing  IkBAN2  (Fig.  7B),  the  expression  of  IkBAN2  did  not  sensi¬ 
tize  cells  to  etoposide  (100  p,M)-induced  apoptosis  (Fig.  1C). 
Similarly  a  12-fold  increase  in  caspase  3  activation  was  seen 
24  h  after  TNFa  (20  and  200  ng/ml)  treatment  of  cells  express¬ 
ing  IkBAN2  but  not  after  TNFa  treatment  of  cells  expressing 
vector  alone  (Fig.  7J3).  Again,  caspase-3  activation  was  not 
enhanced  in  etoposide-treated  cells  expressing  IkBAN2  com¬ 
pared  with  cells  expressing  vector  alone  (Fig.  1C).  These  results 
indicate  that  the  expression  of  IkBAN2  sensitizes  HEK293  cells 
to  TRAIL  and  TNFa  but  not  etoposide-induced  apoptosis. 

Virus  Infection  Sensitizes  HEK293  Cells  to  Apoptosis  In¬ 
duced  by  TNFa  and  TRAIL — ^We  have  previously  shown  that 
reovirus  infection  sensitizes  HEK293  cells  to  TRAIL-induced 
apoptosis.  Results  described  above  show  that  blocking  NF-kB 
activation  sensitizes  cells  to  both  TRAIL-  and  TNFa-induced 
apoptosis.  Because  reovirus-induced  inhibition  of  NF-kB  acti¬ 
vation  is  the  mechanism  by  which  reovirus  sensitizes  cells  to 
TRAIL-induced  apoptosis,  we  wanted  to  determine  whether  the 
inhibition  of  NF-kB  activation  after  reovirus  infection  would 
also  sensitize  these  cells  to  TNFa-induced  apoptosis.  Cells  were 
incubated  with  reovirus  (m.o.i.  10).  24  h  post-infection  cells 
were  then  treated  with  TRAIL  (20  ng/ml)  or  TNF  a  (20  ng/ml). 
Apoptosis  was  then  determined  after  a  further  24  h.  Fig.  8 
shows  that  TRAIL  and  TNFa  alone  do  not  induce  apoptosis  in 
HEK293  cells,  as  previously  shown  (Fig.  7).  Infection  of 
HEK293  cells  with  reovirus  (m.o.i.  10)  also  induces  only  low 
levels  (22%)  of  apoptosis  in  HEK293  cells  (see  Fig.  1).  However, 
treatment  of  cells  with  TRAIL  or  TNFa  in  the  presence  of 


TNFa  (B),  and  etoposide  (Etop.y  C).  After  treatment  cells  were  har¬ 
vested  and  assayed  for  apoptosis  or  caspase  3  activity.  Th.e  graph  shows 
the  mean  percentage  apoptosis  and  fold-increase  in  caspase  3  activity 
obtained  from  three  independent  experiments.  Error  bars  represent 
S.E. 
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reovirus  produces  high  levels  (70  and  63%)  of  apoptosis  in 
HEK293  cells.  These  values  are  significantly  greater  than  the 
sum  of  apoptosis  induced  by  TRAIL  and  reovirus  or  TNFa  and 
reovirus  when  these  agents  are  used  alone,  indicating  that 
reovirus  infection  acts  synergistically  with  TRAIL  and  TNFa  to 
induce  apoptosis.  In  contrast,  reovirus  did  not  sensitize  cells  to 
etoposide-induced  apoptosis,  in  agreement  with  the  observa- 
tion  that  the  expression  of  IkBAN2  also  does  not  sensitize  these 
cells  to  etoposide. 

DISCUSSION 

Reovirus-induced  apoptosis  in  human  epithelial  HEK293 
cells  and  in  several  human  cancer  cell  lines  is  mediated  by 
TRAIL  and  is  blocked  by  the  presence  of  soluble  TRAIL  recep¬ 
tors  and  by  anti-TRAIL  antibodies  (7, 9).  However,  reovirus  can 
induce  apoptosis  in  both  TRAIL-sensitive  and  TRAIL-resistant 
cells.  Reovirus,  therefore,  has  the  ability  to  sensitize  TRAIL- 
resistant  cells  to  TRAIL-induced  apoptosis  (7,  9).  We  have 
previously  shown  that  in  TRAIL-sensitive  HeLa  cells  reovirus 
infection  results  in  the  activation  of  NF-kB  and  that  this  acti¬ 
vation  is  required  for  reovirus-induced  apoptosis  (26).  The  re¬ 
sults  presented  in  this  report  describe  the  role  of  NF-kB  in 
reovirus-induced  apoptosis  in  TRAIL-resistEuit  (HEK293)  cells. 
We  show  that  reovirus-induced  NF-kB  activation  is  highly  reg¬ 
ulated  in  these  cells.  At  early  times  pi  (2-4  h)  reovirus  acti¬ 
vates  NF-kB,  as  demonstrated  by  the  presence  of  NF-kB  in  the 
nucleus  of  reovirus-infected  cells  and  by  the  ability  of  this 
NF-kB  to  bind  to  radiolabeled  oligonucleotide  probe  sequences 
comprising  NF-kB  binding  sites.  Activation  of  NF-xB-respon- 
sive  genes  after  reovirus  infection  of  HEK293  cells  is  also 
demonstrated  by  luciferase  reporter  gene  assays.  NF-kB  acti¬ 
vation  is  required  for  reovirus-induced  apoptosis  since  reovi- 
rus-infection  does  not  result  in  caspase  3  activity  or  apoptosis- 
associated  changes  in  nuclear  morphology  in  HEK293  cells 
expressing  IkBAN2.  These  results  are  similar  to  those  observed 
for  TRAIL-sensitive  HeLa  cells  and  suggest  that  reovirus-in¬ 
duced  apoptosis  in  TRAIL  resistant  cells  also  requires  the 
expression  of  pro-apoptotic  NF-xB-regulated  genes. 

Although  reqxiired  for  virus-induced  apoptosis,  NF-kB  acti¬ 
vation  is  transient  in  both  reovirus-infected  TRAIL-sensitive 
and  TRAIL-resistant  cells.  The  transient  nature  of  NF-kB  ac¬ 
tivation  in  HEK293  cells  results  from  the  inhibition  of  NF-kB 
activation  at  later  times  pi  since  reovirus  can  block  the  ability 
of  both  etoposide  and  TNFa  to  induce  NF-kB  activation.  This 
inhibition  of  NF-kB  activation  results  firom  the  inhibition  of 
stimulus-induced  IkB  degradation  and  is  time-dependent. 
Thus,  at  early  times  post-infection  (2, 4  h)  etoposide  or  TNF  are 
still  able  to  induce  the  degradation  of  IxBa.  However,  at  later 
times  post-infection  (8-12  h)  neither  reagent  induces  iKBa 
degradation.  These  results  are  consistent  with  the  fact  that 
reovirus  only  activates  NF-kB  at  early  times  pi. 

Although  the  inhibition  of  NF-kB  activation  in  reovirus- 
infected  cells  might  be  expected  to  induce  a  concordant  increase 
in  levels  of  iKBa  at  later  times  pi,  we  were  unable  to  detect  such 
a  change.  We  predict  that  this  is  because  of  the  low  levels  of 
NF-kB  that  are  activated  in  reovirus-infected  cells  and  the 
relative  insensitivity  of  Western  blotting  compared  with 
EMSA. 

Reovirus-induced  activation  of  NF-kB  is  not  dependent  on 
viral  replication  and  occurs  in  the  presence  of  ribavirin  in  both 
HeLa  (27)  and  HEK293  cells. ^  Because  the  ability  of  reovirus  to 
inhibit  stimulus-induced  NF-kB  activation  occurs  somewhat 
later  than  the  initial  infection  events  (receptor  binding,  viral 
entry,  and  disassembly)  and  occurs  around  the  time  that  viral 


^  P.  Clarke,  S.  M.  Meintzer,  L.  Moffitt,  and  K.  L.  Tyler,  unpublished 
data. 


proteins  are  produced  in  reovirus-infected  HEK293  cells  (not 
shown),  we  next  investigated  whether  viral  RNA  synthesis  was 
required.  In  the  presence  of  the  viral  RNA  S3nithesis  inhibitor 
ribavirin  the  ability  of  etoposide  to  induce  the  degradation  of 
IkB  was  completely  blocked,  indicating  that  viral  RNA  synthe¬ 
sis  is  required  for  this  process. 

NF-kB  regulates  genes  with  both  pro-  and  anti-apoptotic 
effects.  The  ability  of  reovirus  to  block  NF-kB  activation  at 
later  times  post-infection  enhances  virus-induced  apoptosis  in 
TRAIL-resistant  cells,  as  demonstrated  by  three  lines  of  inves¬ 
tigation.  First,  TRAIL-induced  apoptosis  is  enhanced  in 
HEK293  cells  expressing  IkBAN2.  This  indicates  that  blocking 
NF-kB  activation  sensitizes  cells  to  TRAIL-induced  apoptosis. 
Second,  ribavirin,  which  blocks  the  ability  of  reovirus  to  inhibit 
stimulus-induced  IkB  degradation,  blocks  reovirus-induced 
apoptosis  in  TRAIL-resistant,  but  not  TRAIL-sensitive  cells. 
Finally,  ribavirin  also  blocks  the  ability  of  reovirus  to  sensitize 
cells  to  TRAIL-induced  apoptosis. 

In  neurons  TNFa  may  be  more  important  in  mediating 
reovirus-induced  apoptosis  than  TRAIL  (5).  The  results  pre¬ 
sented  here  indicate  that  reovirus  can  also  sensitize  cells  to 
TNFa-induced  apoptosis  by  inhibiting  NF-kB  activation  at 
later  times  pi,  which  may  have  important  consequences  for 
the  ability  of  reovirus  to  induce  apoptosis  in  these  cells  and  to 
cause  disease  of  the  central  nervous  system  in  infected  ani¬ 
mals.  The  expression  of  IkBAN2  was  not  found  to  sensitize 
cells  to  etoposide-induced  apoptosis.  This  suggests  that  eto¬ 
poside  induces  apoptosis  by  a  mechanism  that  is  different 
from  that  induced  by  TRAIL  and  TNFa.  Previous  studies 
show  that  NF-kB  activation  is  required  for  etoposide-induced 
apoptosis  (32),  supporting  our  observation  that  the  expres¬ 
sion  of  IkBAN2  does  not  sensitize  HEK293  cells  to  etoposide- 
induced  apoptosis. 

Reovirus-induced  apoptosis  is  mediated  by  TRAIL  and  in¬ 
volves  the  release  of  TRAIL  from  infected  cells  (7).  Thus,  the 
supernatant  from  reovirus-infected  cells  contains  TRAIL  and 
can  induce  apoptosis  in  TRAIL-sensitive  cells  (7).  This  apopto¬ 
sis  is  blocked  in  the  presence  of  soluble  TRAIL  receptors,  indi¬ 
cating  that  it  is  specific  to  TRAIL  and  is  not  blocked  in  the 
presence  of  a  neutralizing  reovirus  antibody,  indicating  that  it 
is  not  due  to  residual  virus  in  the  supernatant.  TRAIL  released 
from  reovirus-infected  cells,  thus,  induces  apoptosis  by  induc¬ 
ing  receptor-mediated  activation  of  caspase  8  (10).  These  re¬ 
sults  show  that  reovirus  regulation  of  NF-kB  is  also  critical  for 
virus-induced  apoptosis.  NF-kB  is  first  activated  at  early  times 
after  reovirus  infection,  an  event  that  is  required  for  apoptosis 
in  both  TRAIL-sensitive  and  TRAIL-resistant  cells  and  which 
presumably  acts  to  up-regulate  the  expression  of  pro-apoptotic 
NF-KB-regulated  genes.  Both  TRAIL  and  its  receptors  are  reg¬ 
ulated  by  NF-kB  (32-34).  It  is,  thus,  likely  that  the  pro-apo¬ 
ptotic  effects  of  NF-kB  activation  that  are  required  for  reovirus- 
induced  apoptosis  include  the  up-regulation  of  these  genes. 
TRAIL,  DR4,  and  DR5  are  up-regulated  after  reovirus-infec- 
tion  (7),  although  the  involvement  of  NF-kB  in  this  process  has 
yet  to  be  established.  At  later  times  pi,  reovirus  inhibits  the 
activation  of  NF-kB  in  infected  cells.  This  has  the  effect  of 
blocking  stimulus-induced  NF-kB  activation.  In  uninfected 
HEK293  cells  TRAIL  induces  the  activation  of  NF-kB  (31).  Our 
results  suggest  that  TRAIL-induced  NF-kB  activation  has  an 
inhibitory  effect  on  TRAIL-induced  apoptosis  in  these  cells. 
Thus,  the  ability  of  reovirus  to  block  TRAIL-induced  NF-kB 
activation  will  sensitize  cells  to  TRAIL-induced  apoptosis, 
therefore  allowing  both  TRAIL  and  reovirus-induced  apoptosis 
in  TRAIL-resistant  cells.  The  timing  of  reovirus-induced  inhi¬ 
bition  of  stimulus-induced  NF-kB  activation  is  in  accordance 
with  TRAIL  release  from  reovirus-infected  cells,  which  ocdurs 
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at  later  times  pi  (7).  Thus,  it  appears  that  NF-kB  activation  is 
turned  off  in  reovirus-infected  cells  before  TRAIL  is  released  to 
facilitate  reovirus-induced  apoptosis  in  TRAIL-resistant  cells. 

The  ability  of  TRAIL  to  induce  apoptosis  in  a  variety  of 
human  cancer  cells  but  not  in  normal  cells  has  triggered  the 
investigation  of  this  reagent  as  a  potential  therapeutic  agent 
for  human  cancers.  However,  many  cancer  cells  are  resistant  to 
TRAIL-induced  apoptosis.  We  have  previously  shown  that  re- 
ovinis  can  sensitize  TRAIL-resistant  human  cancer  cell  lines  to 
TRAIL-induced  apoptosis.  The  results  presented  here  suggest 
that  the  mechanism  for  this  sensitization  results  from  the 
ability  of  reovirus  to  block  NF-kB  activation.  Other  studies  also 
indicate  that  blocking  NF-kB  activation  can  sensitize  human 
cancer  cells  to  TRAIL-induced  apoptosis  (35-37).  Together 
these  findings  could  have  an  important  impact  on  the  use  of 
TRAIL  as  a  potential  cancer  therapeutic  in  combination  with 
other  agents  that  inhibit  NF-kB. 

The  NF-kB  pathway  provides  an  attractive  target  to  viral 
pathogens  for  modulating  host  cell  events.  NF-kB  promotes  the 
expression  of  more  than  100  genes  that  participate  in  the  host 
immune  response,  oncogenesis,  and  regulation  of  apoptosis.  In 
addition,  activation  of  NF-kB  is  a  rapid  immediate  early  re¬ 
sponse  that  occurs  within  minutes  after  exposure  to  a  relevant 
inducer,  does  not  require  de  novo  protein  synthesis,  and  results 
in  a  strong  transcriptional  stimulation  of  several  early  viral  as 
well  as  cellular  genes.  NF-kB  is,  thus,  activated  by  multiple 
families  of  viruses,  including  human  immunodeficiency  virus 
t5rpe  1  (HIV-1)  (38),  human  T-cell  lymphotrophic  virus-  (39), 
hepatitis  B  virus  (40),  hepatitis  C  virus  (41, 42),  Epstein-Barr 
virus  (43),  rotavirus  (44),  and  influenza  virus  (45)  to  promote 
viral  replication,  prevent  virus-induced  apoptosis,  and  medi¬ 
ate  the  immune  response  to  the  invading  pathogen  (for  re¬ 
view,  see  Ref.  46).  In  contrast,  activation  of  NF-kB  by  Sindbis 
(47,  48)  and  Dengue  virus  (49)  is  associated  with  the  induc¬ 
tion  of  apoptosis,  which  may  increase  viral  spread.  In  still 
other  cases,  proteins  encoded  by  adenovirus  (50),  hepatitis  C 
virus  (51),  and  African  swine  fever  virus  (52)  inhibit  NF-kB 
activity  to  enhance  replication  or  contribute  to  viral 
pathogenicity. 

The  results  demonstrated  here  indicate  that  reovirus  both 
activates  and  then  inhibits  NF-kB  activity  to  efficiently  induce 
apoptosis  in  infected  cells.  This  is  the  first  time  that  two  phases 
of  NF-kB  regulation  have  been  shown  to  be  required  to  modu¬ 
late  viral-host  interactions  within  a  specific  cell  type.  We  pro¬ 
pose  that  the  complex  regulation  of  NF-kB  by  reovirus  is  crit¬ 
ical  for  TRAIL-  and  TNFa-induced  apoptosis  in  reovirus- 
infected  cells.  Death  receptor  ligands  are  commonly  used  by 
viruses  to  induce  apoptosis.  For  example,  HIV  infection  in¬ 
creases  the  expression  of  TRAIL  and  sensitizes  T-cells  to 
TRAIL-mediated  apoptosis  (53).  In  addition,  alteration  of  the 
cell  surface  expression  of  Fas  may  be  involved  in  virus-induced 
or  viral  regulation  of  apoptosis  in  cells  infected  with  influenza 
virus  (54,  55),  herpes  simplex  virus  type  2  (56),  bovine  herpes¬ 
virus  4  (57),  adenovirus  (58)  and  HIV  1  (59,  60),  Similarly, 
apoptosis  induced  by  hepatitis  B  (61),  HIV-1  (62),  bovine  her¬ 
pesvirus  4  (57),  and  parvovirus  H-1  (63)  may  involve  the  TNF 
receptor  signaling  pathway.  NF-kB  regulation  is,  thus,  likely  to 
have  implications  for  apoptosis  and  disease  resulting  from  a 
variety  of  viral  infections. 
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To  better  understand  the  mechanisms  by  which  neurotropic  viruses  invade  peripherai  nerve  pathways  and  produce  CNS 
disease,  we  defined  the  type  3  {T3)  reovirus  genes  that  are  determinants  of  the  capacity  of  reovirus  T3  strain  Dearing  (T3D) 
and  T3  clone  9  (C9)  to  infect  the  spinal  cord  and  kill  mice  after  hindlimb  injection.  T3D  and  C9  viruses  are  both  highly  virulent 
(LDa,  <  10'  PFU)  after  intracranial  injection  of  neonatal  mice.  However,  C9  is  significantly  more  lethal  than  T3D  after  either 
intramuscular  injection  (LD„  <  10'  vs  LD„  10^  PFU)  or  peroral  Injection  (LDm  10”  vs  LDr,  >  10”  PFU).  Using  reassortant 
viruses  containing  different  combinations  of  genes  derived  from  T3D  and  C9,  we  found  that  the  SI  gene,  encoding  the  cell 
attachment  protein  sigma  1  and  the  nonstructural  protein  sigma  1  s,  and  the  L3  gene,  encoding  the  core  shell  protein  lambda 
1  were  the  primary  determinants  of  lethality  after  intramuscular  injection.  The  L3  gene  and  the  L2  gene  encoding  spike 
protein,  lambda  2,  determined  differences  in  spinal  cord  titer  after  intramuscular  injection.  A  C9  X  T3D  mono-reassortant 
containing  all  T3D  genes  except  for  the  C9-derived  L3  was  lethal  after  peroral  injection.  These  studies  indicate  that  the  SI, 

L2,  and  L3  genes  all  play  a  potential  role  in  neuroinvasiveness  and  provide  the  first  identification  of  a  role  in  pathogenesis 
for  the  L3  gene.  O  2002  Bsevler  science  (USA) 


INTRODUCTION 

The  central  nervous  system  (CNS)  is  partially  pro¬ 
tected  from  systemic  infections  by  the  blood-brain  bar¬ 
rier.  Neurotropic  viruses  employ  several  strategies  to 
penetrate  this  defense  and  produce  neurological  dis¬ 
ease  (Mims,  1987).  Bloodborne  viruses  may  invade  neu¬ 
ral  tissue  after  infecting  vessels  in  the  brain  or  spinal 
cord  or  may  spread  to  neural  sites  through  the  cerebro¬ 
spinal  fluid  (CSF)  by  crossing  the  blood-  (CSF)  junction 
in  the  meninges  or  choroid  plexus.  Neurally  spreading 
viruses  can  evade  the  blood-brain  barrier  by  utilizing 
peripheral  nerve  fibers  as  direct  pathways  into  the  CNS. 
Rabies  virus,  poliovirus,  herpes  simplex  virus,  and  reo¬ 
virus  travel  via  the  fast  axonal  transport  system  in  motor, 
sensory,  or  autonomic  fibers  to  spread  through  the  ner¬ 
vous  system  from  extraneural  sites  of  infection 
(Nathanson  and  Tyler,  1997). 

Reovirus  infection  of  neonatal  mice  has  provided  an 
important  animal  model  for  studying  the  pathogenesis  of 
virus-induced  CNS  disease.  Different  reovirus  serotypes 
have  been  identified  based  on  neutralization  and  hem- 
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agglutination-inhibition  assays  (Nibert  and  Schiff,  2001), 
and  viruses  belonging  to  these  serotypes  differ  in  their 
pattern  of  CNS  infection.  Serotype  1  reoviruses  primarily 
spread  to  the  CNS  by  hematogenous  routes,  infect 
ependymal  cells,  and  produce  a  generally  nonlethal 
ependymitis  (Tyler  and  Fields,  1996).  However,  after  in¬ 
tramuscular  or  peroral  injection  serotype  3  viruses  utilize 
peripheral  nerve  pathways  to  invade  the  CNS,  infect 
neurons,  and  produce  lethal  encephalitis  (Tyler  ef  a/., 
1986;  Morrison  ef  a/.,  1991).  Because  reoviruses  contain 
10  segments  of  dsRNA,  most  encoding  a  single  major 
protein,  reassortant  viruses  may  be  generated  from  par¬ 
ents  exhibiting  unique  patterns  of  disease  (Nibert  and 
Schift,  2001).  Analysis  of  the  pathogenesis  of  reassortant 
viruses  after  intracranial  injection  (1C)  has  shown  that  the 
major  product  of  the  S1  gene,  virus  cell  attachment 
protein,  sigma  1,  determines  tropism  for  neurons  or 
ependymal  cells  by  serotype  3  and  serotype  1  viruses, 
respectively  (Weiner  et.al.,  1977).  Among  serotype  3 
strains,  the  product  of  the  M2  gene,  a  major  outer  capsid 
structural  protein,  mu  1,  influences  differences  in  the 
capacity  of  these  viruses  to  grow  in  the  brain  (Hrdy  ef  a/., 
1982).  Thus,  at  least  two  reovirus  genes  play  distinct 
roles  in  determining  neurovirulence  after  1C  injection. 

After  hindlimb  injection,  type  3  reovirus  travels  to  the 
spinal  cord  via  the  sciatic  nerve  (Tyler  ef  a/.,  1986). 
Viruses  are  carried  to  the  spinal  cord  by  fast  axonal 
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transport  (Tyler  etal.,  1986)  and  within  14  h  viral  antigens 
are  detected  in  spinal  cord  motor  neurons  ipsilateral  to 
the  injection  site  (Flamand  etal.,  1991).  To  identify  genes 
that  influence  type  3  reovirus  neuroinvasiveness,  we  first 
identified  two  neurotropic  type  3  viruses  that  differ  in 
lethality  when  injected  into  the  hindlimb  but  not  after 
injection  into  the  brain.  We  reasoned  that  such  viruses 
might  differ  at  early  steps  in  pathogenesis  (primary  rep¬ 
lication  and/or  spread  to  the  nervous  system),  yet  be 
similar  at  later  steps  (tropism  and  growth  in  the  brain).  By 
analysis  of  the  pathogenesis  of  reassortant  viruses  gen¬ 
erated  from  these  viruses,  we  identified  reovirus  genes 
important  for  type  3  reovirus  invasion  of  the  central 
nervous  system  after  peripheral  injection. 

RESULTS 

Characterization  of  reassortant  viruses 

In  1-day  old  mice,  we  found  that  two  type  3  reoviruses, 
strain  Dearing  (T3D)  and  clone  9  (C9),  had  similar  50% 
lethal  doses  (LD50)  by  the  intracranial  (IC)  route  of  injec¬ 
tion  (LDso  <  5  plaque-forming  units  {PFU)/mouse).  How¬ 
ever,  1000  times  more  T3D  than  C9  virus  was  required  for 
an  LD50  after  intramuscular  (IM)  injection  (LD50  forT3D  > 
10^  vs  LDbo  for  C9  <  10’).  To  determine  the  genetic  basis 
for  this  difference  in  neuroinvasiveness,  we  character¬ 
ized  a  panel  ofT3D  X  C9  reassortant  viruses  generated 
by  coinfection  of  murine  L929  cells  (Table  1).  Viral  geno¬ 
types  were  defined  by  analysis  of  the  migration  patterns 
of  the  dsRNA  gene  segments  in  polyacrylamide  gels.  As 
reported  previously  for  intertypic  (Type  1  X  Type  3)  reo¬ 
virus  reassortants  (Nibert  et  ah,  1996),  we  found  a  non- 
random  distribution  of  certain  genes  in  the  intratypic 
T3D  X  C9  reassortants.  The  M1  and  M2  genes  coseg¬ 
regated  in  ail  reassortants  and  the  T3D  L2  gene  was 
present  in  all  but  two  reassortants. 

Genetic  determinants  of  lethality  after  im  injection 

To  identify  the  gene(s)  associated  with  route-specific 
lethality  differences,  we  determined  the  LD50  of  each 
reassortant  after  hindlimb  injection  of  1-day  old  mice. 
Three  to  five  dilutions  of  each  of  the  32  viruses  were 
injected  into  groups  of  four  to  six  mice  (total  768  mice). 
The  resulting  LD50S  exhibited  a  range  of  values  (lethal 
viruses  having  the  lowest  LDjo),  with  no  clear  gap  be¬ 
tween  more  and  less  lethal  groups  (Table  1).  No  reas¬ 
sortant  was  more  lethal  than  the  parental  C9;  however, 
several  were  less  lethal  than  T3D.  Statistical  analysis 
demonstrated  a  significant  association  between  lethality 
and  the  derivation  of  the  SI  (MW  test,  P  =  0.002;  t  test, 
P  —  0.001)  and  the  L3  (MW  test,  P  =  0.016;  t  test,  P  = 
0.016)  genes  and  a  possible  but  less  significant  associ¬ 
ation  between  lethality  and  the  S2  gene  (MW  test.  P  = 
0.03;  t  test,  P  =  0.4).  To  calculate  the  influence  on 
lethality  of  individual  C9  genes  in  the  context  of  all  other 


TABLE  1 


T3D  X  C9  Reassortants 


Virus 

strain 

Origin  of  the  gene  segment* 

LDso" 

Titer* 

PO" 

% 

LI 

L2 

L3 

Ml 

M2 

M3 

SI 

S2 

S3 

S4 

C9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

0.5 

5.5 

0 

56 

9 

3 

9 

9 

9 

9 

9 

9 

3 

9 

1.4 

1.2 

0 

42 

9 

3 

9 

3 

3 

9 

9 

3 

3 

3 

1.5 

2.3 

100 

1.84 

9 

3 

9 

3 

3 

9 

9 

9 

9 

9 

1.7 

3.9 

40 

Z10 

9 

3 

9 

9 

9 

9 

9 

9 

9 

9 

1.7 

1.6 

60 

2.11 

3 

3 

9 

3 

3 

3 

3 

3 

3 

3 

1.7 

2.2 

20 

1.46 

3 

3 

9 

3 

3 

3 

9 

3 

3 

3 

1.9 

4.8 

0 

1.217 

3 

3 

9 

3 

3 

3 

9 

3 

3 

9 

2.1 

3.5 

0 

1.211 

9 

3 

3 

3 

3 

3 

9 

3 

3 

9 

2.2 

0.0 

0 

1.4 

3 

9 

3 

3 

3 

9 

9 

3 

3 

9 

2.3 

4.4 

75 

1.5 

3 

3 

9 

3 

3 

3 

9 

3 

9 

9 

2.3 

3.7 

40 

1.118 

3 

3 

9 

3 

3 

3 

3 

3 

9 

9 

2.6 

1.4 

40 

65 

3 

3 

9 

9 

9 

9 

9 

3 

9 

9 

2.6 

3.9 

75 

1.77 

3 

3 

3 

3 

3 

3 

9 

3 

3 

9 

2.8 

2.2 

60 

3.8 

3 

3 

3 

3 

3 

3 

9 

9 

3 

9 

3.0 

0.0 

0 

1.54 

9 

3 

9 

3 

3 

9 

3 

3 

3 

9 

3.1 

4.9 

100 

1.9 

3 

3 

9 

3 

3 

9 

9 

3 

9 

9 

3.2 

0,8 

20 

48 

3 

3 

9 

3 

3 

9 

3 

3 

3 

9 

3.3 

2.7 

100 

62 

3 

3 

3 

3 

3 

9 

9 

3 

9 

9 

3.4 

2.0 

100 

1.33 

3 

3 

9 

3 

3 

3 

3 

3 

9 

3 

3.8 

1.8 

100 

T3D 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

4.0 

1.9 

100 

45 

3 

3 

3 

3 

3 

3 

3 

3 

3 

9 

4.2 

1.2 

75 

1.39 

9 

3 

3 

9 

9 

3 

9 

3 

3 

3 

4.5 

1.0 

100 

57 

3 

3 

9 

9 

9 

9 

3 

3 

9 

9 

4.7 

1.6 

100 

1.219 

3 

9 

3 

3 

3 

9 

3 

3 

3 

9 

5.0 

3.6 

100 

4.19 

9 

3 

9 

3 

3 

9 

9 

9 

9 

3 

5.0 

0.0 

100 

1.109 

3 

3 

3 

9 

9 

3 

9 

3 

3 

9 

5.0 

0.0 

100 

82 

3 

3 

9 

9 

9 

3 

3 

3 

3 

.9 

5.1 

2.3 

100 

1.6 

3 

3 

9 

9 

9 

3 

3 

3 

9 

9 

6.0 

0.7 

100 

1.71 

3 

3 

3 

9 

9 

9 

3 

3 

3 

9 

6.0 

0.0 

100 

26 

9 

3 

3 

3 

3 

9 

3 

3 

9 

9 

6.0 

1.3 

100 

32 

9 

3 

3 

9 

9 

3 

3 

3 

3 

9 

6.0 

0.0 

100 

*  Parental  origin  of  gene  segment  3,  gene  derived  from  T3D>  9,  gene 
derived  from  C9. 

Lethality  expressed  as  median  lethal  dose  (LDg,)  in  iog,o  PFU/ 
mouse. 

°  Titer  of  virus  in  spinal  cord  on  day  5  postinoculation  (log,o  PFO/ml). 
Percentage  of  injected  animals  surviving  after  peroral  injection. 


genes,  we  subjected  the  data  to  linear  regression  anal¬ 
ysis  with  each  gene  an  independent  variable,  except  for 
the  cosegregating  genes.  Ml  and  M2,  which  were 
treated  as  a  single  variable  (Fig.  1).  Two  C9  genes  were 
associated  with  significant  increases  in  virus  lethality. 
The  presence  of  a  C9-derived  L3  gene  was  associated 
with  an  approximate  reduction  in  LDgo  of  1.8  log  (P  = 
0.001),  while  the  presence  of  a  C9-derived  SI  gene 
reduced  LD50  by  1.6  log  (P  =  0.001).  Conversely,  the 
presence  of  a  C9-derived  M11M2  gene  pair  tended  to 
make  reassortants  less  lethal,  increasing  LD50  by  about 
1  log  (P  =  0.03).  The  regression  equation  accounted  for 
67%  of  the  variance  seen  in  the  data  (P*  =  0.67,  P  = 
0.001,  where  the  square  of  the  multiple  correlation, 
represents  the  proportion  of  the  variance  in  the  depen- 
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FIG.  1.  Contribution  of  individual  C9  genes  to  virus  lethality.  Each  bar  represents  the  difference  in  LDjo  contributed  by  a  single  gene  in  association 
with  all  other  genes  after  im  injection  of  T3D  X  C9  reassortants  in  1-day  old  mice.  **P  =  0.0008;  *P  =  0.001. 


dent  variable  accounted  for  by  the  independent  vari¬ 
ables).  Taken  together,  these  results  suggested  that  the 
difference  in  T3D  and  C9  lethality  after  skeletal  muscle 
injection  was  multigenic,  i.e.,  the  C9  L3  and  SI  genes 
increased  virus  lethality,  while  the  C9  Ml  and/or  M2 
gene(s)  tended  to  decrease  lethality. 

Because  the  substitution  of  certain  C9  genes  in¬ 
creased  T3D  lethality  after  IM  injection,  we  analyzed 
separately  the  subset  of  viruses  carrying  the  T3D  SI 
gene  (Table  2).  All  viruses  more  lethal  than  T3D  con¬ 
tained  the  C9  Z.3  gene,  and  the  most  lethal  virus  was 
mono-reassortant  2.11,  with  an  LDg,  2.3  log  lower  than 
that  of  T3D.  Conversely,  all  reassortants  containing  the 
C9  M1/M2  gene  pair  were  less  lethal  than  T3D.  In  those 
reassortants  with  both  the  C9  L3  and  the  C9  M1/M2 
genes,  the  M1/M2  decrease  in  lethality  was  dominant. 
Thus  while  the  association  between  lethality  and  the 
derivation  of  the  M1/M2  gene  pair  (MW  test,  P  =  0.015; 
f  test,  P  =  0.012)  was  statistically  significant  in  this  set  of 
reassortants,  the  association  between  lethality  and  the 
derivation  of  the  L3  gene  was  not  (MW  test,  0.058;  t  test, 
P  =  0.055).  However,  regression  analysis,  which  identi¬ 
fies  the  contribution  of  each  variable  while  allowing  for 
the  contribution  of  the  other  independent  variables,  sug¬ 
gested  that  the  C9  L3  gene  was  associated  with  in¬ 
creased  lethaiity  (LDso  reduced  by  1.5  log,  P  =  0.02), 
while  the  C9  M1/M2  decreased  lethality  (LDjo  increased 
by  1.8  iog,  P  =  0.01).  The  regression  equation  accounted 
for  85%  (P  =  0.03)  of  the  variance  in  LDjo.  Thus,  while 
substitution  of  the  C9  L3  gene  increased  T3D  lethality, 
the  C9  M1/M2  pair  had  an  opposite,  and  dominant, 
effect. 


Lethality  after  peroral  injection 

C9  reovirus  is  lethal  after  peroral  (PO)  injection  while 
T3D  is  not  (Rubin  and  Fields,  1980;  Morrison  etal.,  1991; 
Tyler  et  al.,  1989);  however,  the  genetic  basis  of  this 
difference  has  not  been  identified.  To  determine  whether 
the  reassortants  shown  to  be  more  lethal  after  skeletal 


TABLE  2 


Lethality*  of  T3D  X  C9  Reassortants  Carrying  the  T3D 
SI  Gene  Segment 


Virus 

strain 

Origin  of  the  gene  segment^ 

LDbo 

LI 

L2 

L3 

Ml 

M2 

M3 

SI 

S2 

S3 

S4 

C9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

0.5 

2,11 

3 

3 

9 

3 

3 

3 

3 

3 

3 

3 

1.7 

1.118 

3 

3 

9 

3 

3 

3 

3 

3 

9 

9 

2.6 

1.54 

9 

3 

9 

3 

3 

9 

3 

3 

3 

9 

3.1 

48 

3 

3 

9 

3 

3 

9 

3 

3 

3 

9 

3.3 

1.33 

3 

3 

9 

3 

3 

3 

3 

3 

9 

3 

3.8 

T3D 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

4.0 

45 

3 

3 

3 

3 

3 

3 

3 

3 

3 

9 

4.2 

57 

3 

3 

9 

9 

9 

9 

3 

3 

9 

9 

4.7 

1.219 

3 

9 

3 

3 

3 

9 

3 

3 

3 

9 

5.0 

82 

3 

3 

9 

9 

9 

3 

3 

3 

3 

9 

5.1 

1.6 

3 

3 

9 

9 

9 

3 

3 

3 

9 

9 

6.0 

1.71 

3 

3 

3 

9 

9 

9 

3 

3 

3 

9 

6.0 

26 

9 

3 

3 

3 

3 

9 

3 

3 

9 

9 

6.0 

32 

9 

3 

3 

9 

9 

3 

3 

3 

3 

9 

6.0 

*  Lethal  dose  50  (LDjo)  in  log,o  PFU/mouse,  after  im  injection  of  1-day 
old  mice. 

^  Parental  origin  of  gene  segment  3,  gene  derived  from  T3Di  9,  gene 
derived  from  C9. 
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TABLE  3 

Comparison  of  Lethality*  after  Intramuscular  (IM)  and  Peroral  (PO) 
Injection  of  T3D  X  C9  Reassortants  Carrying  the  T3D  SI  Gene 
Segment 


Origin  of  the  gene  segment" 


Virus  name 

LI 

L2 

L3 

Ml 

M2 

M3 

SI 

S2 

S3 

S4 

IM  LDfio 

PO  LD, 

09 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

0.5 

3.4 

2.11 

3 

3 

9 

3 

3 

3 

3 

3 

3 

3 

1.7 

6.4 

1.118 

3 

3 

9 

3 

3 

3 

3 

3 

9 

9 

2.6 

6.3 

T3D 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

4.0 

>8.3 

*  Lethal  dose  50  (LDm)  in  log,,,  PFU/mouse.  after  IM  or  PO  Injection 
of  1-day  old  mice. 

"  Parental  origin  of  gene  segment  3,  gene  derived  from  TSDi  9,  gene 
derived  from  C9. 


muscle  injection  were  also  more  lethal  after  peroral 
Injection,  we  injected  groups  of  four  to  five  1-day  old 
mice  with  each  reassortant  (135  mice)  at  a  dose  at  which 
C9  killed  100%  of  injected  mice  while  T3D  killed  few 
mice.  Results  were  calculated  as  percentage  survival 
and  compared  with  LDh,  after  IM  injection  (Table  1).  As 
was  seen  after  IM  injection,  reassortants  carrying  the  C9 
SI  gene  tended  to  be  most  virulent  after  PO  injection. 
However,  two  viruses  carrying  the  T3D  SI  gene  killed 
more  than  50%  of  the  mice:  2.11,  the  mono-reassortant 
carrying  the  C9  L3  gene,  and  1.118,  carrying  the  C9  L3, 
S3,  and  S4  genes.  These  also  were  the  T3D  reassortants 
most  virulent  after  IM  injection.  To  quantify  this  result,  PO 
LDboS  were  calculated  for  these  two  reassortants,  as  well 
as  for  T3D  and  09  (Table  3).  LD50S  were  3.4,  6.3,  and  6.4 
logio  PFU  per  mouse  for  09,  2.11,  and  1.118,  respectively. 
However,  the  highest  dose  of  T3D  (8.3  log,o  PFU)  was 
insufficient  for  an  LDgo-  Thus,  substitution  of  the  09  L3 
gene  alone  was  sufficient  to  confer  lethality  after  peroral 
injection  to  T3D,  a  virus  normally  avirulent  by  this  route. 


Spinal  cord  infection  after  IM  injection 

Ventral  spinal  cord  neurons  ipsilateral  to  the  injection 
site  are  the  first  site  of  virus  replication  in  the  CNS  after 
hindlimb  injection  (Tyler  ef  a/.,  1986;  Flamand  etai,  1991). 
To  determine  whether  T3D  and  09  differed  in  their  ca¬ 
pacity  for  spinal  cord  infection  after  IM  injection,  we 
injected  groups  of  1-day  old  mice  with  10^  PFU  of  virus, 
a  dose  expected  to  kiil  all  09-  and  a  few  T3D-infected 
pups.  Viral  titer  was  measured  in  muscle,  spinal  cord, 
and  brain  tissue  collected  on  alternate  days  after  Injec¬ 
tion  (Figs.  2A  and  2B).  Both  viruses  replicated  well  in 
muscle,  suggesting  that  differences  in  the  capacity  of 
these  viruses  to  replicate  in  skeietal  muscle  were  not 
responsible  for  differences  in  neuroinvasiveness  or  le¬ 
thality.  In  contrast,  by  5  days  postinjection  there  was  a  4 
log  difference  between  T3D  and  09  titers  in  spinal  cord 
and  brain.  This  suggested  that  there  was  a  difference  in 
either  the  capacity  of  these  viruses  to  spread  or  the 
capacity  to  replicate  within  the  spinai  cord.  To  distin¬ 
guish  between  these  possibilities,  and  because  direct 
spinal  cord  injection  of  virus  was  not  feasible  in  newborn 
mice,  we  injected  1-day-old  mice  in  the  hindiimb  with  a 
100  times  iarger  dose  of  each  virus  (10'*  PFU)  than  was 
used  in  our  initiai  experiments.  This  dose  of  virus  pro¬ 
duced  measurable  spinal  cord  titers  by  24  h  postinjec¬ 
tion  (Fig.  20),  suggesting  that  if  there  is  a  defect  in 
spread  it  is  relative  rather  than  absolute.  At  this  dose, 
T3D  and  09  grew  at  a  similar  rate  over  the  first  5  days 
after  injection.  However,  at  each  time  point,  the  titer  of 
T3D  was  about  10-fold  less  than  that  of  09.  These  results 
suggested  either  that  T3D  might  be  less  efficient  than  09 
in  the  initiation  of  spinai  cord  infection,  that  is,  while  both 
grew  well  once  infection  was  established,  higher  doses 
of  T3D  were  required  to  produce  comparable  spinal  cord 
titers,  or  that  less  virus  was  produced  per  infected  cell. 

To  identify  the  gene(s)  responsible  for  differences  in 


A 


B 


C 


FIG.  2.  Virus  growth  after  IM  injection.  (A,  B)  One-day  old  pups  were  injected  with  a  low  dose  (10^  PFU)  T3D  (A)  or  C9  (B)  virus,  and  tissue  collected 
for  titer  at  various  times  after  Injection.  Each  point  represents  the  mean  virus  titer  ±  standard  error  in  muscle,  spinal  cord,  and  brain  of  three  mice, 
from  one  of  two  experiments.  {C)  One-day  old  mice  were  injected  with  a  higher  dose  (10^  PFU)  of  T3D  or  09.  Each  point  represents  average  spinal 
cord  titer  ±  standard  error  (n  =  3). 
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FIG.  3.  Regression  analysis  of  the  contribution  of  C9  genes  to  spinal  cord  titer.  Each  bar  represents  the  difference  in  spinal  cord  titer  contributed 
a  single  gene  in  association  with  all  other  genes  5  days  after  IM  injection  of  T3D  X  09  reassortants  in  1-day  old  mice.  "P  =  0.001. 


T3D  and  C9  spinal  cord  infection,  we  measured  viral 
titers  in  spinal  cord  tissue  collected  5  days  after  hindlimb 
injection  of  three  to  six  1-day-old  mice  with  10^  PFU  of 
each  rea'ssortant  (total  195  mice).  This  time  point  had 
shown  clear  differences  between  T3D  and  C9  spinal 
cord  titers  but  lower  standard  deviations  than  Day  3  (Fig. 
2).  The  panel  of  reassortants  produced  a  range  of  titers 
(Table  1).  C9  produced  the  highest  titer,  while  T3D  fell 
midway  between  C9  and  reassortants  producing  no  de¬ 
tectable  spinal  cord  titer  at  Day  5.  Reassortants  with  the 
highest  titers  tended  to  carry  the  C9  L3  gene.  Statistical 
analysis  demonstrated  a  significant  association  between 
spinal  cord  titer  and  the  derivation  of  the  L3  (MW  test, 
P  =  0.028,  f  test,  P  =  0.033)  and  L2  (MW  test,  P  =  0.018, 
f  test,  P  =  0.004)  genes.  Because  few  reassortants  car¬ 
ried  the  L2  gene,  additional  reassortants  will  be  required 
to  confirm  this  result.  However,  the  behavior  of  the  C9 
mono-reassortant  carrying  the  T3D  L2  gene  (spinal  cord 
titer  3.9  logs  lower  than  C9)  supported  a  role  for  the  L2 
gene  in  spinal  cord  infection.  Although  the  SI  gene  was 
implicated  in  lethality,  it  was  not  associated  with  differ¬ 
ences  in  spinal  cord  infection.  To  determine  the  influence 
of  individual  genes  on  Day  5  spinal  cord  titers,  we  sub¬ 
jected  the  data  to  linear  regression  analysis  (Fig.  3).  The 
C9  L2  gene  increased  spinal  cord  titer  by  3.2  log  {P  = 
0.001).  The  C9  L3  gene  increased  titer  by  2.0  log  (P  = 
0.001 ).  The  regression  equation  accounted  for  59%  of  the 
variation  seen  in  the  data  (P®  =  0.59,  P  =  0.007).  Thus, 
after  IM  injection,  the  L3  gene  influenced  spinal  cord 
infection,  as  it  had  virus  lethality.  The  correlation  be¬ 
tween  Day  5  spinal  cord  titer  and  virus  lethality  was 
significant  (Spearmann  rank  correlation,  P  =  0.005;  sim¬ 
ple  regression,  P  =  0.001)  but  accounted  for  only  31%  of 


the  variance.  Thus,  spread  to  the  spinal  cord  after  IM 
injection,  as  measured  by  Day  5  virus  titer,  was  a  weak 
predictor  of  reassortant  lethality. 

DISCUSSION 

The  neurotropic  type  3  reoviruses  use  peripheral 
nerve  fibers  to  invade  the  CNS  from  extraneural  sites  of 
infection  (Tyler  ef  a/.,  1986;  Morrison  et  al.,  1991).  Field 
isolates,  T3D  and  C9,  are  highly  virulent  after  intracranial 
injection  of  neonatal  mice;  however,  C9  is  significantly 
more  lethal  than  T3D  after  intramuscular  injection.  To 
better  understand  the  mechanisms  by  which  viruses 
invade  peripheral  nerve  pathways  to  produce  CNS  dis¬ 
ease,  we  used  reassortant  viruses  to  identify  virus  genes 
important  for  differences  in  type  3  reovirus  neuroinvasion 
following  inoculation  at  different  sites  in  the  mouse. 

Nonrandom  segregation  of  T3D  X  C9  genes 

This  article  is  the  first  characterization  and  usage  of 
T3D  X  C9  intratypic  reassortants  to  identify  differences 
in  neuroinvasion  between  type  3  viruses  with  similar 
tropism  and  neurovirulence.  In  the  panel  of  reassortants 
we  found  that  certain  genes  cosegregated  {Ml  and  M2) 
or  were  underrepresented  (C9  L2).  In  addition,  none  of 
the  T3D  reassortants  (carrying  T3D  S/)  incorporated  the 
C9  S2  gene.  Nonrandom  distribution  of  reovirus  gene 
segments  has  been  reported  previously  for  intertypic 
serotype  1,  Lang  (TIL)  x  serotype  3  (T3D)  reovirus  reas¬ 
sortants  (Nibert  et  al.,  1996).  As  in  our  T3D  X  C9  reas¬ 
sortants,  the  T3D  L2  gene  was  found  in  most  of  the 
intertypic  reassortants,  and  the  T3D  L3  and  T3b  S4 
genes  were  somewhat  underrepresented.  Interestingly, 
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in  our  panel,  the  two  reassortants  carrying  the  C9  L2 
gene  had  the  same  genotype  except  for  the  SI  gene. 
Thus,  a  specific  interaction  between  lambda  2  and  one 
or  more  C9  proteins  other  than,  or  in  addition  to,  sigma  1 
may  be  necessary  to  produce  a  viable  reassortant.  An 
increased  frequency  of  homologous  pairing  of  certain 
parental  alleles  was  reported  for  the  T1L  x  T3D  reas¬ 
sortants,  but  not  of  Ml  and  M2,  and,  in  no  case  did  the 
parental  alleles  invariably  cosegregate.  The  mecha¬ 
nisms  responsible  for  the  nonrandom  nature  of  reovirus 
reassortment  are  unknown.  Evidence  for  structural 
and/or  functional  interactions  between  reovirus  proteins 
has  been  demonstrated  by  extragenic  suppression  of 
temperature-sensitive  phenotypes  (McPhillips  and 
Ramig,  1984)  and  by  identification  of  serotype-associated 
patterns  of  monoclonal  antibody  binding  to  outer  capsid 
reovirus  proteins  (Virgin  et  al.,  1991). 

Lethality  after  IM  injection 

Two  genes,  SI  and  L3,  were  primarily  associated  with 
lethality  differences  between  T3D  and  C9  after  hindlimb 
injection.  The  SI  gene,  encoding  the  viral  cell  attachment 
protein,  sigma  1,  defines  reovirus  serotype  and  is  respon¬ 
sible  for  serotype-specific  differences  in  disease  pheno¬ 
type  after  intracranial  injection  (Weiner  etal.,  1980).  Type 
1  reovirus  infection  produces  a  generally  nonlethal 
ependymitis,  while  type  3  infection  produces  a  lethal 
encephalitis  (Tyler  and  Fields,  1996).  Thus,  an  associa¬ 
tion  of  SI  with  differences  in  reassortant  lethality  is  not 
surprising.  Previous  associations  of  the  SI  gene  with 
differences  in  neuroinvasion  using  intertypicTIL  X  T3D 
reassortants  (Tyler  ef  a/.,  1986;  Bodkin  and  Fields,  1989), 
reassortants  made  using  T3D  and  an  immune  selected 
variant  (Kaye  etal.,  1986),  and  variants  selected  in  severe 
combined  immunodeficient  (SCID)  mice  (Haller  et  al.. 
1995),  all  correlated  with  differences  in  virulence  after 
intracranial  injection.  However,  the  difference  between 
T3D  and  C9  lethality  after  IM  injection  was  not  associ¬ 
ated  with  a  difference  in  lethality  after  1C  inoculation. 
After  1C  injection,  the  LDjo  values  for  both  T3D  and  C9 
are  less  than  10  PFU/mouse.  Thus,  the  present  identifi¬ 
cation  of  the  SI  gene  contribution  to  lethality  after  hind- 
limb  injection  suggests  additional  roles  of  the  sigma  1 
protein  that  are  specific  to  the  routes  of  neuroinvasion 
studied  here. 

The  reovirus  L3  gene  was  a  determinant  of  reovirus 
lethality  for  the  IM,  as  well  as  the  PC  (see  below),  routes. 
The  L3  gene  product,  lambda  1,  is  the  major  structural 
component  of  the  inner  shell  of  the  viral  capsid,  which 
organizes  the  packing  of  the  genomic  RNA  Lambda  1  is 
believed  to  act  as  a  helicase  during  transcription  by  the 
lambda  3  protein  (Reinisch  et  al.,  2000;  Bisaillon  et  al., 
1997;  Noble  and  Nibert,  1997).  Differences  in  the  lambda 
1  protein  may  affect  the  stability  of  the  virus  core,  a 
multienzyme  protein  shell  which  must  remain  intact  dur¬ 


ing  virus  uncoating  and  transcription  of  single-stranded 
RNA  and/or  may  affect  enzymatic  activities  required  for 
viral  transcription  in  different  cell  types.  Strain-specific 
differences  in  the  ATPase  activities  associated  with  the 
lambda  1  protein  have  been  found  in  vitro,  but  T3D  and 
C9  have  not  been  compared  (Noble  and  Nibert,  1997). 
Genes  encoding  core  proteins,  including  L3,  have  been 
shown  to  influence  virus  growth  in  cultured  mouse  heart 
cells  (Matoba  etal.,  1991).  However,  no  in  vivo  phenotype 
had  been  mapped  to  the  L3  gene  previously. 

The  Ml  and/or  M2  gene(s)  also  contributed  to  differ¬ 
ences  in  T3D  and  C9  lethality  and  had  the  opposite  effect 
of  SI  and  L3.  The  Mi  gene  encodes  inner  capsid  protein, 
mu  2,  an  NTPase  with  RNA-binding  activity  that  forms 
part  of  the  virus  transcription  complex  (Brentano  ef  a/., 
1998).  Reassortant  analysis  has  linked  a  group  of  genes, 
including  Ml,  with  virus  induction  of  myocarditis  in  new¬ 
born  mice  (Sherry  and  Blum,  1994)  and  with  the  extent  of 
replication  in  cultured  mouse  heart  cells  and  bovine 
aortic  endothelial  cells  (Matoba  et  al.,  1993).  The  M2 
gene  encodes  a  major  outer  capsid  protein,  mu  1.  The 
M2  gene  has  been  shown  to  influence  neurovirulence 
among  Type  3  strains  when  injected  into  the  brain  of 
newborn  mice  (Hrdy  etal.,  1982).  Growth  in  the  CNS  and 
virulence  was  decreased  in  virus  T3H/Ta  (now  T3  clone 
8),  a  phenotype  that  mapped  to  the  M2  gene.  Interest¬ 
ingly,  a  close  relationship  between  the  type  3  Ml  and  M2 
genes  has  been  suggested  by  the  extragenic  suppres¬ 
sion  of  M2  attenuation  by  the  Ml  gene  and  restoration  of 
T3,  clone  8  virulence  (Jayasuriya,  1991). 

Lethality  after  PO  injection 

In  addition  to  demonstrating  a  role  for  the  lambda  1 
protein  in  neuroinvasion  after  skeletal  muscle  injection, 
we  also  found  that  the  C9  L3  gene  confers  lethality  to 
T3D  after  peroral  injection,  the  natural  route  of  reovirus 
infection.  T3D  avirulence  has  been  attributed  to  the 
sigma  1  protein,  which  is  sensitive  to  cleavage  by  pro¬ 
teases  and  is  associated  with  reduced  virus  growth  in 
the  intestine  (Bodkin  and  Fields,  1989;  Nibert  efe/.,  1995). 
However,  in  our  reassortants,  a  single  C9  gene,  L3,  was 
sufficient  to  confer  lethality  after  PO  injection  to  a  T3D 
mono-reassortant  carrying  the  protease-sensitive  T3D 
sigma  1  protein.  Because  the  lambda  1  protein  is  located 
in  the  inner  capsid,  this  result  is  not  likely  the  result  of  a 
steric  protection  of  the  sigma  1  cleavage  site,  as  has 
been  suggested  for  the  lambda  2  spike  protein  (Bodkin 
and  Fields,  1989).  However,  the  lambda  1,  lambda  2, 
lambda  3,  and  sigma  1  proteins  together  comprise  the 
structurally  dynamic  vertex  of  the  viral  capsid  where  cell 
binding,  viral  transcription,  and  extrusion  of  mRNA  are 
localized.  Thus  a  change  in  one  protein  in  the  complex 
may  affect  the  function  of  another.  A  contribution  of 
genes  other  than  SI  to  T3D  lethality  after  PO  injection 
was  also  suggested  in  previous  studies  by  Chappell  et 
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at.  (1997).  The  sigma  1  protein  of  a  T3D  variant  isolated 
from  SCID  mice  revealed  a  single  amino  acid  change 
associated  with  resistance  to  protease  cleavage.  Com¬ 
pared  to  T3D,  this  virus  showed  increased  growth  in 
intestine  but  decreased  growth  in  the  brain  in  SCID  mice. 
In  neonatal  mice,  growth  in  intestine  and  the  spread  to 
the  brain  after  PC  injection  were  increased,  but  growth  in 
the  brain  and  virulence  were  decreased  after  IM  injec¬ 
tion. 

Spinal  cord  infection  after  IM  injection 

At  low  doses,  T3D  appeared  to  infect  the  CNS  more 
slowly  than  C9  after  hindlimb  injection.  However,  when 
tested  at  higher  doses,  the  rate  of  virus  growth  in  the 
spinal  cord  was  similar  for  both  T3D  and  C9,  but  10-fold 
more  infectious  virus  particles  were  required  to  produce 
similar  titers.  Other  studies  suggest  that  T3D  and  C9  are 
both  rapidly  transported  to  the  neural  soma,  producing 
antigen-positive  neurons  14-15  h  after  hindlimb  injection 
(Flamand  at  a/.,  1991;  Mann  et  a/.,  2002).  Thus  T3D  and 
C9  may  differ  in  efficiency  of  invasion  of  neonatal  nerve 
terminals,  or  at  an  early  step  in  replication  in  motor 
neurons. 

The  difference  in  Day  5  spinal  cord  titer  was  associ¬ 
ated  with  the  L3,  and  possibly  the  L2,  gene.  Together,  the 
L3  and  L2  genes  have  been  associated  previously  with 
differences  in  virus  growth  in  cardiac  cell  cultures  (Ma- 
toba  et  al.,  1991).  Pentameric  complexes  of  the  L2  prod¬ 
uct,  lambda  2,  form  hollow  spikes  through  which  inter¬ 
nally  transcribed  mRNA  exits  the  viral  particle  (Nibert 
and  Schift,  2001).  Because  lambda  2  anchors  sigma  1  in 
the  outer  capsid  and  caps  nascent  mRNAs  as  they  exit 
the  inner  core  (Reinisch  et  al.,  2000),  this  protein  may 
influence  the  efficiency  and/or  stability  of  the  capsid 
during  binding,  uptake,  and  targeting  to  endosomes,  as 
well  as  the  production  of  viral  mRNA  and  its  delivery  to 
the  host  cytoplasm.  The  L2  gene  has  been  previously 
associated  genetically  with  differences  in  the  efficiency 
of  reovirus  horizontal  spread  between  infected  and  un¬ 
infected  littermates  (Keroack  and  Fields,  1986)  and  in 
association  with  the  S1  and  Ml  genes  with  differences  in 
reovirus  growth  in  the  intestine  early  in  PO  infection 
(Bodkin  and  Fields,  1989).  In  association  with  the  Ml 
gene,  the  L2  gene  has  been  associated  genetically  with 
induction  of  myocarditis  (Sherry  and  Blum,  1994). 

Lethality  and  spinal  cord  infection 

The  set  of  genes  determining  differences  in  viral  titers 
in  Day  5  spinal  cord  after  IM  injection  was  somewhat 
different  from  that  determining  lethality  differences  by  the 
same  route.  The  L2  gene  appeared  to  be  the  stronger 
determinant  of  spinal  cord  infection,  yet  did  not  signifi¬ 
cantly  affect  virus  lethality.  Conversely,  the  SI  gene  was 
the  stronger  determinant  of  lethality  after  IM  injection,  yet 
had  no  significant  effect  on  differences  in  spinal  cord 


titers.  The  M1/M2  gene  pair  also  influenced  lethality  but 
not  spinal  cord  invasion.  Only  the  L3  gene  influenced 
both  lethality  and  spinal  cord  infection  and  was  sufficient 
to  rescue  T3D  lethality  after  PO  injection.  However,  after 
im  injection,  the  paired  contribution  of  SI  and  L3  to 
lethality  and  of  L2  and  L3  to  spread  outweighed  the 
independent  contribution  of  L3  to  each,  and  in  the  subset 
of  T3D  reassortants,  the  decrease  in  lethality  associated 
with  the  09  M1/M2  genes  negated  the  increase  associ¬ 
ated  with  L3.  Functional  interdependence  among  type  3 
proteins  is  suggested  by  the  nonrandom  reassortment  of 
T3D  and  09  genes  (see  above).  In  addition,  the  identifi¬ 
cation  of  serotype-specific  sets  of  reovirus  genes  sug¬ 
gests  that  structure/function  relationships  evolve  in  as¬ 
sociation  with  particular  virus  strains  (Virgin  et  al.,  1991). 

The  correlation  between  Day  5  spinal  cord  titer  and 
reassortant  lethality  was  statistically  significant  but  low. 
Thus,  these  may  reflect  independent  properties  of  type  3 
reovirus  neuroinvasiveness.  For  example,  virus  spread 
from  spinal  cord  to  brain  may  occur  soon  after  infection 
of  motor  neurons  and  thus  is  not  directly  related  to 
subsequent  growth  in  the  spinal  cord.  Alternatively,  for 
some  reassortants,  early  replication  in  the  spinal  cord 
may  be  dampened  by  Day  5  and  thus  would  not  be 
detected  in  our  study,  or  some  reassortants  may  better 
utilize  other  pathways  to  infect  the  brain;  for  example, 
certain  gene  combinations  may  facilitate  bloodborne 
spread.  T3D  and  C9  also  differ  in  their  induction  of 
apoptosis  (Tyler,  in  press),  and  this  mechanism  is  inde¬ 
pendent  of  virus  growth.  Further  experiments  are  needed 
to  determine  the  contributions  of  these  mechanisms  to 
spinal  cord  infection  and  lethality. 

Virus  genes  determining  neuroinvasion  after  IM  injec¬ 
tion  have  been  identified  in  the  herpes  simplex  virus. 
Two  viruses,  nonlethal  ANG  and  a  lethal  mouse  brain- 
passage  derivative,  ANGpath,  showed  similar  virulence 
after  1C  injection  of  adult  mice  (LD50  ~  1  PFU),  yet 
differed  in  neuroinvasiveness  (LDbo  10®  vs  >10®)  after 
hindlimb  injection  (Izumi  and  Stevens,  1990).  This  differ¬ 
ence  correlated  with  restricted  entry  into  the  nervous 
system  after  footpad  injection  and  mapped  to  the  gene 
encoding  glycoprotein  D  (gD),  an  envelope  glycoprotein 
required  for  postattachment  binding  to  a  coreceptor.  Be¬ 
cause  replacement  of  the  ANG  gD  with  ANGpath  gD  did 
not  fully  rescue  ANGpath  gD  x  ANG  recombinant  vi¬ 
ruses  to  ANGpath  LDm  levels,  other  genes  may  also  be 
involved. 

Taken  together,  our  results  suggest  that  both  inner  and 
outer  capsid  proteins  influence  reovirus  neuroinvasive¬ 
ness.  In  combination  with  sigma  1  and  mu  1  and/or  mu 
2,  inner  capsid  protein  lambda  1  influences  virus  lethal¬ 
ity,  and  with  lambda  2,  influences  spinal  cord  infection 
after  IM  injection.  Lambda  1  also  can  increase  the  le¬ 
thality  of  T3D  by  the  natural  route  of  infection. 
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MATERIALS  AND  METHODS 

Cells 

Spinner-adapted  mouse  L929  (L)  cells  (ATCC)  were 
grown  in  suspension  or  monolayer  cultures  in  Jokiik's 
modified  Eagle's  minimal  essential  medium  (MEM,  Irvine 
Scientific)  supplemented  with  5%  fetal  bovine  serum  (Hy- 
Clone  Laboratories)  and  2  mM  t-glutamine,  1  U  penicillin, 
and  1  /iig  streptomycin  (Irvine  Scientific)  per  milliliter. 

Viruses 

Reovirus  type  3,  strain  Dearing  (T3D),  and  clone  9  (C9) 
were  laboratory  stocks  described  previously  (Tyler  et  ah, 
1989;  Hrdy  et  a!.,  1979).  T3D  X  C9  reassortant  viruses 
were  grown  from  stocks  originally  isolated  by  Ken  Tyler 
and  Dinah  Bodkin  in  our  laboratory.  Viruses  were  doubly 
plaque  purified  and  passaged  in  L  cells  to  generate 
working  stocks  as  described  previously  (Tyler  et  ai, 
1985).  T3D  and  C9  viruses  were  purified  from  infected  L 
cell  lysates  by  cesium  chloride  gradient  centrifugation 
(Furlong  et  a!.,  1988). 

Animals  and  inoculations 

One-day-old  Swiss  Webster  (Taconic)  or  NIH  Swiss 
(National  Cancer  Institute)  mice  received  intracerebral 
inoculations  (1C)  into  the  right  hemisphere  or  IM  into  the 
left  hindlimb  with  a  Hamilton  syringe  and  30-gauge  nee¬ 
dle.  Tissue  samples  were  collected  in  gelatin-saline 
(phosphate-buffered  saline,  0.3%  gelatin)  and  stored  at 
-80®C  until  used  for  viral  titration.  To  determine  virus 
lethality,  at  least  three  groups  of  mice  (five  to  six  mice  per 
group)  were  inoculated  by  the  1C  or  IM  route  with  serial 
dilutions  of  each  virus  and  monitored  daily  for  signs  of 
morbidity.  Experiments  were  terminated  at  21  days 
postinfection,  and  50%  lethal  doses  (LDgo)  were  calcu¬ 
lated  by  the  method  of  Reed  and  Muench  (Reed  and 
Muench,  1938). 

Characterization  or  reassortants 

L  cell  monolayers  were  infected  with  10  PFU  of  virus 
stock  per  cell,  and  cytoplasmic  extracts  were  prepared 
for  polyacrylamide  gel  analysis  (Tyler  et  al.,  1985).  To 
resolve  certain  gene  segments,  6  or  10%  gels  were  run 
on  long  (30  cm)  gel  plates.  To  identify  the  parental  origin 
of  olosely  migrating  gene  segments,  samples  were  dou¬ 
ble-loaded  into  wells  with  T3D  or  C9  dsRNA. 

Determination  of  viral  titer 

Tissue  samples  were  frozen  and  thawed  three  times 
and  then  sonicated  for  30  s  using  a  microtip  probe  to 
homogenize  the  tissue.  L  cell  monolayers  in  six-well 
plates  (10®  cells  per  well)  were  inoculated  in  duplicate 
with  serial  10-fold  virus  dilutions  (Tyler  etal.,  1985). 


Statistical  analysis 

The  effect  of  the  derivation  of  individual  reovirus  gene 
segments  was  analyzed  by  nonparametric  (Mann-Whit- 
ney)  and  parametric  (f  test  and  multiple  regression  anal¬ 
ysis)  statistical  tests  (Virgin  etal.,  1997;  Tyler  etal.,  1996). 
Correlation  was  caiculated  by  Spearmann  (nonparamet¬ 
ric)  and  regression  (parametric)  analysis.  Statistical  tests 
were  performed  using  Stat-View  software  (Abaous  Con¬ 
cepts,  Berkley,  CA). 
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Context:  Progressive  multifocal  leukoencephalopathy 
(PML)  is  a  demyelinating  disease  of  the  central  nervous 
system  (CNS)  caused  by  JC  virus  QCV)  that  occurs  in 
immunocompromised  patients.  Demyelination  of  the  CNS 
is  a  consequence  of  virus-induced  killing  of  oligoden¬ 
drocytes,  although  the  exact  mechanism  of  cell  death  is 
unknown. 

Ob|octivo:  To  examine  archival  autopsy  and  surgical 
pathologic  specimens  from  8  patients  with  PML,  includ¬ 
ing  6  patients  with  human  immunodeficiency  virus 
(HlV)-associated  PML  and  2  patients  with  non-HIV- 
associated  PML,  for  evidence  of  apoptosis. 

Design:  Apoptotic  cells  were  identified  by  TUNEL 
(terminal  deoxynucleotidyl  transferase-mediated  de- 
oxyuridine  triphosphate  nick  end  in  situ  labeling)  or 
immunohistochemical  detection  of  activated  caspase  3. 
The  JCV-infected  cells  were  identified  by  in  situ  hybrid¬ 
ization  for  viral  transcripts  or  immunohistochemical 
analysis  for  JCV  T  antigen. 

DesuHst  Apoptosis  of  JCV-infected  oligodendrocyte  apop¬ 


tosis  was  a  prominent  feature  in  all  cases  of  both  HIV- 
and  non-HIV-associated  PML.  There  were  no  differ¬ 
ences  between  number  or  distribution  of  apoptotic  cells 
identified  by  TUNEL  or  immunohistochemical  analysis 
for  activated  caspase  3.  Bizarre  astrocytes  were  occasion¬ 
ally  positive  for  JCV  but  were  not  apoptotic.  Neurons, 
astrocytes,  macrophages,  and  oligodendrocytes  remote 
from  lesions  were  neither  apoptotic  nor  JCV  infected. 

Conclufions:  Our  study  demonstrates  that  apoptosis 
occurs  in  oligodendroqtes  associated  with  demyelin- 
ated  lesions  of  patients  with  both  HIV-associated  and 
non-HIV-associated  PML.  There  were  no  differences  in 
degree,  location,  or  type  of  infected  or  apoptotic  cells 
between  patients  wiih  HIV-associated  and  non-HIV- 
associated  PML.  The  extent  of  apoptosis  did  not  corre¬ 
late  with  the  presence  or  intensity  of  host  inflammatory 
response.  Accumulation  of  viral  particles  in  nuclei  of 
infected  cells  made  it  difficult  to  identify  morphologic 
changes  in  the  nucleus  typically  associated  with  apop¬ 
tosis. 
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PROGRESSIVE  MULTIFOCAL  leu¬ 
koencephalopathy  (PML)  is 
a  fatal,  demyelinating  cen¬ 
tral  nervous  system  (CNS) 
disease  caused  by  JC  virus 
QCV),  a  human  polyoma  virus.^’^  Sero- 
epidemiologic  studies  indicate  that  ap¬ 
proximately  80%  of  the  US  population  has 
developed  antibodies  to  JCV  by  adult¬ 
hood.  Initial  infection  with  JCV  is  usu¬ 
ally  asymptomatic  and  is  followed  by  vi¬ 
ral  latency.  Clinically,  symptomatic 
infection  that  results  in  PML  is  thought  to 
be  caused  by  immunosuppression- 
associated  reactivation  of  latent  virus  ei¬ 
ther  within  the  CNS  or  at  extraneural  sites 
with  subsequent  spread  to  the  CNS.^  '* 
Progressive  multifocal  leukoen¬ 
cephalopathy  is  characterized  by  mul¬ 
tiple  foci  of  demyelination,  located  pre¬ 
dominantly  in  the  white  matter  or  near 


the  gray-white  matter  junction.  The  car¬ 
dinal  pathologic  features  of  PML  include 
enlarged  hyperchromatic  nuclei  of  oligo- 
dendroglia  with  viral  inclusions,  atypical 
enlarged  bizarre  astrocytes,  and  a  vari¬ 
able  degree  of  lymphocytic  inflammatory 
response.^’^’^^  Clinically,  PML  often  pre¬ 
sents  with  motor  wealmess,  speech  dis¬ 
turbances,  visual  impairment,  and  cogni¬ 
tive  abnormalities. 

Progressive  multifocal  leukoencepha¬ 
lopathy  occurs  in  individuals  severely  im¬ 
munocompromised  by  infection  with  hu¬ 
man  immunodeficiency  virus  (HIV), 
lymphoproliferative  or  myeloprolifera¬ 
tive  diseases,  hematologic  malignancies, 
various  solid  tumors,  or  treatment  with  im¬ 
munosuppressant  medication.  In  re¬ 
cent  years,  HIV  infection  has  become  the 
dominant  underlying  disease  associated 
with  PML,  which  develops  in  approxi- 
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tDuration  of  illness  after  first  dlnlcal  presentation  with  PML  symptoms  before  biopsy  or  autopsy. 
^Patient  developed  GVHD  while  taking  immunosuppressant  medication. 


mately  3%  of  patients  with  acquired  immunodeficiency 
syndrome 

The  demyelination  associated  with  PML  is  second- 
aiy  to  death  of  JCV-infected  oligodendroglia.  The  mecha¬ 
nism  of  JCV-induced  oligodendrocyte  cell  death  is  un¬ 
known.  It  is  also  unclear  whether  only  infected 
oligodendrocytes  die  or  whether  virus  can  also  induce 
death  in  neighboring  uninfected  cells  (the  bystander 
effect). 

Apoptosis  is  a  distinct  form  of  cell  death  in  which 
affected  cells  undergo  characteristic  morphologic  and 
biochemical  changes,  including  c5rtoplasmic  shrinkage, 
condensation  and  fragmentation  of  nuclear  chromatin, 
membrane  alterations,  and  changes  in  gene  and  protein 
expression.^^*^^  Almost  all  forms  of  apoptosis  are  associ¬ 
ated  with  sequential  activation  of  cysteine-aspartyl  pro¬ 
teases  (caspases)  by  extracellular  and/or  intracellular 
stimuli.  These  proteases  cleave  numerous  cellular  sub¬ 
strates,  leading  to  oligonucleosomal  DNA  fragmentation 
and  the  other  morphologic  hallmarks  of  apoptosis. 

Apoptosis  has  been  implicated  in  glial  loss  in  de- 
myelinating  diseases,  including  multiple  sclerosis'^'®  and 
experimental  allergic  encephalomyelitis.'®  Apoptosis  also 
occurs  in  virus-induced  demyelinating  diseases  as  ex¬ 
emplified  by  Theiler  virus  infection^*^'  and  measles  virus- 
associated  subacute  sclerosing  panencephalitis.^  Apop¬ 
tosis  of  glia  and  neurons  also  occurs  following  infection 
with  a  variety  of  other  neuro  tropic  viruses.^^  Given  the 
propensity  for  several  neurotropic  viruses  to  cause  apop¬ 
tosis,  we  attempted  to  determine  whether  PML  was  also 
associated  with  apoptosis.  Knowing  the  pivotal  role  of 
oligodendrocyte  damage  in  demyelinating  disorders,  we 
hypothesized  that  apoptosis  might  be  the  mechanism  of 
oligodendrocyte  death  in  PML. 


PATIENT  INFORMATION 


The  autopsy,  surgical  pathologic  specimens,  and  consultation 
files  in  the  pathology  department  of  the  University  of  Colo¬ 
rado  Health  Sciences  Center,  Denver,  were  searched  for  au¬ 
topsy  and  surgical  pathologic  cases  of  PML  diagnosed  during 
the  past  20  years  (TobI*  1).  Cases  were  excluded  based  on 


(1)  insufficient  volume  of  tissue  available  for  analysis  (as  was 
the  case  for  many  stereotactic  biopsy  specimens)  or  (2)  the  lack 
of  availability  of  paraffin  tissue  blocks  for  preparation  of  freshly 
cut  sections.  Eight  cases  were  identified  that  met  clinical  and 
pathologic  criteria  for  PML,  including  typical  clinical  and  neu¬ 
roimaging  findings  and  the  presence  of  demyelination,  inclusion¬ 
bearing  oligodendrocytes,  and  bizarre  astrocytes.  In  all  cases, 
JCV  transcript  was  detected  in  brain  tissue  by  in  situ  hybrid¬ 
ization  (ISH).  One  of  the  patients  (case  1)  had  both  biopsy  and 
autopsy  tissue  available  for  study.  Cases  included  2  patients  with 
non-HIV-associated  PML  (cases  1-2)  and  6  patients  (cases  3-8) 
with  HIV-associated  PML.  Only  one  of  the  AIDS  patients  (case 
4)  was  receiving  highly  active  antiretroviral  therapy  (HAART) 
at  the  time  of  diagnosis  of  PML.  Two  patients  with  HIV- 
associated  PML  (cases  3  and  5)  had  pathologic  evidence  of  in¬ 
flammatory  PML  characterized  by  die  presence  of  significant 
perivascular  lymphocytic  inflammation.^ 

JCV  IN  SITU  HYBRIDIZATION 

Sections  were  deparaffinized  as  described  for  immunohistochemi- 
cal  analysis.  Tissue  was  digested  with  the  enzyme  Pronase  1  (Ven- 
tana  Medical  Systems  Inc,  Tucson,  Ariz)  (20  minutes  at  37®C), 
washed  in  diediylpyrocarbonate-treated  water,  and  then  incu¬ 
bated  with  50  to  100  mL  of  JCV  probe  (Enzo  Biochem  Inc,  Farm- 
ingdale,  NY)  (2  hours  at  37®C)  prepared  according  to  the  manu¬ 
facturer's  instructions.  Slides  were  then  washed  in  Tris-buffered 
saline  (TBS),  immersed  in  prewarmed  stringency  wash  (Dako  Cor¬ 
poration,  Carpinteria,  Calif)  (30  minutes  at  48°C),  rewashed  in 
TBS,  and  then  incubated  with  Strept-avidin/AP  (Dako)  (10  min¬ 
utes  at  37®C).  Slides  were  then  washed  in  TBS,  incubated  with 
nitroblue  tetrazohum/NQP  substrate  solution  (Novocastra;  Vec¬ 
tor  Laboratories  Inc,  Burlingame,  CaliO  (30  minutes  at  37°C), 
washed  in  deionized  water  and  counterstained  with  nuclear  fast 
red  (Dako),  dehydrated  in  graded  ethanols  followed  by  xylene, 
and  then  permanently  mounted. 

IMMUNOHISTOCHEMICAL  ANALYSIS 

FOR  ACTIVATED  CASPASE  3 

AND  CELL-TYPE  SPECIFIC  MARKERS 

Brain  tissue  sections  were  deparaffinized  by  baking  for  5  min¬ 
utes  at  57°C,  immersion  in  mixed  xylenes,  then  rehydrated  in 
graded  alcohols.  Tissue  sections  then  underwent  antigen  re¬ 
trieval  (10  mM  citrate  buffer,  10  minutes  at  90°C)  followed  by 
incubation  with  3%  water  (4  minutes  at  37®C)  and  blocking 
with  5%  normal  goat  serum  in  phosphate-buffered  saline  (PBS). 
Immunocytochemlcal  analysis  was  performed  using  a  pri- 
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mary  antibody  specific  for  the  activated  form  of  caspase  3  (Cell 
Signaling  Technology  Inc,  Beverly,  Mass)  diluted  1:25  in  PBS 
containing  3%  bovine  serum  albumin  (BSA;  Sigma-Aldrich  Cor¬ 
poration,  St  Louis,  Mo)  (30  minutes  at  37®C).  Binding  of  pri¬ 
mary  antibody  was  detected  using  biotinylated  secondary  an¬ 
tibody  follow^  by  avidin-HRPO  (Ventana  Medical  Systems  Inc), 
using  diaminobenzidine  (DAB;  Ventana  Medical  Systems  Inc) 
as  substrate.  Immediately  following  the  DAB  reaction,  sec¬ 
tions  were  incubated  with  the  second  primary  antibody  against 
CD3  or  glial  fibrillary  acid  protein  (GFAP)  (Dako),  bodi  at  a 
1:100  dilution.  Binding  of  second  primary  antibodies  was  de¬ 
tected  using  biotin-avidin-alkaline  phosphatase  secondary  an¬ 
tibody  and  labeling  substrate.  Sections  were  counterstained  with 
Gills  2  (1:9  dilution,  Ventana  Medical  Systems  Inc).  All  reac¬ 
tions  were  performed  using  the  automated  staining  system  (Ven¬ 
tana  Medical  Systems  Inc). 

TUNEL 

A  biotin-streptavidin-based  TUNEL  (terminal  deoxynucleo- 
tidyl  transferase-mediated  deoxyuridine  triphosphate  nick  end 
in  situ  labeling)  kit  optimized  for  neuronal  tissues  was  used 
(NeuroTACS  II;  Trevigen  Inc;  Gaithersburg,  Md).  Deparaf- 
flnized  brain  tissue  sections  were  permeabitized  with  Neuro¬ 
pore  (Trevigen  Inc)  (30  minutes  at  room  temperature),  then 
samples  were  incubated  at  37®C  with  a  mixture  of  terminal  de- 
oxynucleotidyl  transferase  (TdT),  deoxynucleotriphosphates 
conjugated  to  biotin,  Mn^"^,  and  TdT  reaction  buffer  for  1  hour. 
After  stopping  the  TdT  reaction  and  washing,  the  tissues  were 
incubated  30  minutes  at  room  temperature  with  streptavidin- 
conjugated  horseradish  peroxidase,  washed,  immersed  in  DAB 
diluted  in  PBS  solution  for  5  minutes  at  room  temperature,  then 
counterstained  with  blue  counterstain  (Trevigen  Inc).  The  DAB- 
stained  samples  were  dehydrated  in  a  series  of  ascending  etha¬ 
nol  concentrations  followed  by  mixed  xylenes,  air-dried,  per¬ 
manently  mounted,  and  stored  at  room  temperature  until 
imaging. 

DUAL-LABEL  FLUORESCENCE  WITH  TUNEL 
AND  A  SINGLE  ANTIBODY 

Tissue  sections  were  permeabilized  with  Neuropore,  a  non- 
proteolytic  permeabilization  and  blocking  reagent  (Trevigen  Inc) 
for  30  minutes  at  room  temperature  then  washed  in  TBS  (140 
mM  sodium  chloride,  20  mM  Tris,  pH  7.6),  and  nonspecific 
binding  was  blocked  with  2%  BSA  feigma-Aldrich  Corpora¬ 
tion)  diluted  in  Neuropore  for  30  minutes  at  room  tempera¬ 
ture,  then  incubated  (overnight  at  4°C)  with  antibody  against 
SV40  large  T  antigen  (Oncogene  Research  Products,  San  Diego, 
CaliO  diluted  in  1%  BSA  containing  Neuropore.  The  next  day, 
TUNEL  reactions  were  performed  as  described  herein,  except 
that  after  stopping  the  TdT  reaction  and  washing,  the  samples 
were  incubated  with  a  mixture  of  streptavidin-Cy3  Qackson  Im- 
munoresearch  Laboratories  Inc,  West  Grove,  Pa)  to  detect 
TUNEL  and  secondary  antibody  (1:100)  conjugated  to  fluo¬ 
rescein  isothiocyanate  Q^ckson  Immunoresearch)  to  detect  the 
SV40  antibody.  Finally,  samples  were  incubated  with  100  ngfoiL 
of  Hoechst  33342  (Molecular  Probes  Inc,  Eugene,  Ore)  for  10 
minutes  at  room  temperature  in  the  dark  as  counterstain,  washed 
in  PBS,  mounted  with  and-fade  media,  and  stored  in  the  dark 
at  -20®C  until  imaging. 


lUSLLlS 


In  each  patient,  we  assessed  the  presence  or  absence  of 
apoptosis  in  cells  from  brain  regions  affected  by  PML  as 
identified  by  histologic  criteria  and  from  brain  regions 


that  were  remote  from  demyelinating  lesions  and  ap¬ 
peared  histologically  normal.  The  CNS  cells  infected  with 
JCV  were  easily  identified  by  ISH  using  a  JCV  riboprobe 
in  all  8  patients  (Figure  I A  and  B).  Apoptotic  cells  were 
detected  in  areas  of  PML  lesions  in  all  8  patients  but  not 
in  brain  regions  remote  from  these  lesions  (data  not 
shown).  There  were  no  differences  between  the  number 
and  the  distribution  of  apoptotic  cells  identified  by  TUNEL 
or  the  presence  of  activated  caspase  3.  Accumulation  of 
viral  particles  in  the  nuclei  of  infected  cells  made  it  im¬ 
possible  to  identify  morphologic  changes  in  the  nucleus 
typically  associated  with  apoptosis,  such  as  nuclear  pyk- 
nosis  or  karyorrhexis.  Staining  results  from  all  patients 
studied  are  summarized  in  Table  2. 

In  all  8  cases,  most  apoptotic  cells  were  identified  as 
oligodendrocytes  by  their  morphologic  structure,  loca¬ 
tion,  and  absence  of  GFAP  immunohistochemical  stain¬ 
ing.  These  cells  were  most  abundant  at  the  periphery,  rather 
than  in  the  center,  of  demyelinated  lesions  (Figure  1 C  and 
D).  The  number  of  JCV-infected  oligodendrocytes  corre¬ 
sponded  to  the  number  of  apoptotic  cells,  suggesting  that 
nearly  all  apoptotic  cells  were  JCV  infected  and  that  in¬ 
fection  with  JCV  induced  apoptosis.  Both  HIV-associated 
and  non-HIV-associated  cases  were  otherwise  similar  in 
the  distribution  and  cell-type  specificity  of  infection  and 
apoptosis. 

In  case  1,  from  which  both  biopsy  and  autopsy  tis¬ 
sue  was  available,  the  biopsy  tissue  showed  many  oligo¬ 
dendrocytes  containing  inclusions  on  hematoxylin-eosin- 
stained  sections,  which  were  positive  for  J  CV  by  ISH  and 
often  apoptotic  (Figure  %A  and  B).  In  contrast,  in  sec¬ 
tions  prepared  from  tissues  obtained  at  autopsy  7  months 
later,  significantly  fewer  infected  oligodendrocytes  were 
present,  and  apoptotic  cells  were  more  rare.  In  the  au¬ 
topsy  samples,  numerous  bizarre  astrocytes  were  iden¬ 
tified  in  the  lesions  and  about  half  of  these  were  positive 
for  JCV  by  ISH  but  were  not  apoptotic  (Figure  2C  and 
D).  Neurons,  normal  astrocytes,  and  macrophages  were 
not  found  to  be  JCV  infected  by  ISH  or  apoptotic  in  any 
of  the  8  cases  examined. 

In  an  effort  to  better  define  the  nature  of  the  apop¬ 
totic  cells  in  PML  lesions,  we  performed  dual-label  im¬ 
munohistochemical  analysis  with  caspase  3  and  GFAP. 
Bizarre  atypical  astrocytes,  reactive  astrocytes,  and  normal¬ 
appearing  astrocytes  were  all  GFAP  positive,  yet  these 
cells  were  not  apoptotic.  Atypical  bizarre  astrocytes  but 
not  normal-appearing  or  reactive  astrocytes  were  fre¬ 
quently  found  to  be  positive  for  JCV  infection  by  ISH 
(Figure  2D). 

We  also  performed  co-labeling  for  apoptosis  (caspase 
3  or  TUNEL)  and  JCV  infection.  Serial  tissue  sections  (4 
mm  apart)  were  examined  for  JCV-infected  cells  using 
antibody  to  SV40  large  T-antigen  and  apoptotic  cells 
(TUNEL).  Unfortunately,  because  of  technical  incom¬ 
patibility  between  the  required  protocols,  it  was  not  pos¬ 
sible  to  perform  TUNEL  or  caspase  3  immunocytochemi- 
cal  analysis  on  sections  in  which  JCV  infection  was 
identified  by  ISH.  Using  combined  SV40  T-antigen  and 
apoptosis  staining,  we  found  several  examples  of  dual¬ 
positive  (antigen  and  TUNEL)  cells  (Figure  3).  In  all 
cases  in  which  we  performed  dual  staining,  most  cells 
positive  for  JCV  T  antigen  were  also  TUNEL  positive,  sug- 
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Figure  1.  JC  virus  (JCV)>infected  and  apoptotic  ceils  in  progressive  multifocal  leukoencephalopathy  (PML).  Brain  tissue  sections  from  2  patients  with  PML 
demonstrating  numerous  JCV-infected  ceils  by  in  situ  hybridization  for  JCV.  Brain  tissue  cells  that  were  JCV  positive  (dark  blue)  from  case  5  (A)  (original  magnification 
x100)  and  case  6  (B)  (original  magnification  x400).  Tissue  sections  from  1  patient  (D)  (case  5)  (original  magnification  x400),  demonstrating  apoptotic 
oligodendrocytes  (brown;  arrows)  detected  by  TUNEL  (terminal  deoxynucleotidy)  transferase-mediated  deoj^ridine  triphosphate  nick  end  in  situ  labeling),  which  are 
predominant^  found  at  the  periphery  of  lesions  rather  than  in  the  demyelinated  center  where  oligodendrocytes  are  absent  (C)  (original  magnification  x100). 


Table  2.  Summary  of  Staining  Results 


dCV  infection 


Oligb'deifdrQbjijiel 


Oligodendrocytes 


Astrocytes 


t' 

Siiii 

iiilS 


*JCV  indicates  JC  virus;  ISH,  in  situ  hybridization;  IHC,  immunohistochemicai  analysis;  plus  sign,  positive;  plus  and  minus  sign,  rare  positive;  minus  sign, 
negative;  and  ND,  not  done. 

tAII  cases  showed  apoptotic  ceils  as  identified  by  both  the  presence  of  the  active  fragment  of  caspase  3  and  TUNEL  (see  Figure  1  footnote  for  expansion). 


gesting  that  most  productively  infected  cells  were  un¬ 
dergoing  apoptosis.  The  rare  examples  of  cells  positive 
for  T  antigen  and  negative  for  TUNEL  may  represent  a 


population  of  infected  cells  not  yet  undergoing  apopto¬ 
sis.  The  relative  insensitivity  of  SV40  T-antigen  staining 
compared  with  ISH  (data  not  shown)  for  identifying  JCV- 
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ngure  2.  Oligodendrocytes  containing  viral  inclusions  were  positive  for  JC  virus  (JCV)  and  apoptosis;  In  contrast,  bizarre  atypical  astrocytes  were  occasionally  JCV 
infected  but  were  not  apoptotic  (original  nugnlficatlon  x400).  Bipp^  tissue  sections  from  case  1,  demonstrating  oligodendrocytes  positive  for  JCV  transcripts  (dark 
purple)  (A)  and  apoptotic  oligodendrocytes  positive  for  activated  caspase  3  (brown)  (B).  Autopsy  tissue  sections  from  case  1,  demonstrating  bizarre  atypical  astrocytes 
that  were  JCV  Infected  (dark  purple)  (C).  These  bizarre  atypical  astro(tytes  were  not  apoptotic  as  demonstrated  by  dual-label  immunohlstochemical  analysis  showing  no 
colocalization  between  glial  fibrillary  add  protein-positive  (red;  blue  arrows)  bizarre  astrocytes  and  cells  positive  for  activated  caspase  3  (brown;  black  arrows)  (D). 

infected  cells  prevented  accurate  quantification  of  the 
percentage  of  infected  cells  that  were  also  apoptotic  and 
vice  versa. 

We  next  attempted  to  determine  whether  inflam¬ 
matory  cells  were  also  undergoing  apoptosis.  We  per¬ 
formed  dual-label  immunohistochemical  analysis  to  de¬ 
tect  CD3  and  active  caspase  3.  The  extent  of  inflammation 
was  variable  in  AIDS  and  non-AIDS  patients,  although 
one  AIDS  patient  (case  5)  had  a  significant  perivascular 
lymphocytic  response  consistent  with  the  diagnosis  of 
inflammatoiy  PML.^  Neither  CD3*  cells  nor  infiltrating 
macrophages  were  found  to  be  JCV  infected  by  ISH  in 
any  patient.  Rare  CD3^  cells  and  CD3"  lymphocyte¬ 
appearing  cells  (presumably  B  lymphocytes)  were  posi¬ 
tive  for  activated  caspase  3,  indicating  that  apoptosis  of 
these  cells  was  occurring  (data  not  shown).  Apoptotic 
macrophages  were  not  seen.  There  was  no  increase  in  the 
number  of  apoptotic  cells  in  areas  adjacent  to  lympho¬ 
cytic  collections,  suggesting  that  the  host  immune  re¬ 
sponse,  regardless  of  its  intensity,  did  not  contribute  sig¬ 
nificantly  to  apoptosis  in  other  cells. 

. . — . - . ■ 
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Our  study  demonstrates  that  apoptosis  occurs  in  brain 
tissue  of  patients  with  both  HIV-associated  and  non- 
HIV-associated  PML.  Apoptosis  was  limited  almost  ex¬ 
clusively  to  oligodendrocytes  associated  with  demyelin- 
ated  lesions.  The  number  and  distribution  of  apoptotic 
oligodendrocytes  closely  paralleled  the  number  and  dis¬ 
tribution  of  infected  oligodendrocytes  as  determined  by 
JCV  ISH,  suggesting  that  apoptosis  was  the  major  mecha¬ 
nism  responsible  for  cell  death.  Apoptosis  as  deter¬ 
mined  by  TUNEL  and  immunohistochemical  analysis  for 
activated  caspase  3  was  rarely  seen  in  the  bizarre  astro¬ 
cytes  present  in  PML  lesions,  even  though  these  cells  were 
JCV  infected.  Because  only  oligodendrocytes  support  pro¬ 
ductive  JCV  infection,  this  suggests  that  productive  in¬ 
fection  may  be  required  for  JCV-induced  apoptosis.^^ 
Apoptosis  only  occurred  in  cell  types  infected  byJCV 
and  was  not  seen  in  uninfected  cells  within  PML  lesions 
(eg,  neurons)  or  in  any  cells  in  areas  of  the  brain  remote 


€>2002  American  Medical  Association.  AH  rights  reserved. 


Figure  3.  Apoptotic  cells  were  also  positive  for  viral  T  antigen  (original  magnification  x400).  Dual'label  immunohistochemical  analysis  and  TUNEL  (terminal 
deoxynucteotidy)  transferase-mediated  deoxyuridine  triphosphate  nick  end  In  situ  labeling)  in  a  tissue  section  from  case  7,  demonstrating  that  infected  cells 
(green;  anti-SV40  large  T  antigen)  are  undergoing  apoptosis  (red;  TUNEL).  These  double-labeled  ceils  appear  yellow  In  the  merged  Image.  Hoechst  33342 
chromatin  dye  (blue)  is  the  counterstain. 


from  dcmyelinative  lesions.  This  indicates  that  apopto¬ 
sis  occurs  as  a  direct  consequence  of  viral  infection  and 
is  not  an  indirect  consequence  of  the  severity  of  patient 
illness  or  other  associated  factors,  such  as  hypoxia,  hy¬ 
potension,  or  ischemia.  This  is  further  supported  by  a 
previous  study  that  indicated  that  JCV-infected  oligo¬ 
dendrocytes  overexpress  p53  and  Bax  (a  proapoptotic  pro¬ 
tein)  and  do  not  express  M-2  (an  antiapoptotic  protein) 
Apoptosis  also  did  not  correlate  with  the  degree  of  the 
host  inflammatory  response,  although  occasional  infil¬ 
trating  lymphocytes  were  found  to  be  apoptotic. 

Although  our  study  clearly  indicates  that  apoptosis 
is  a  major  mechanism  of  oligodendrocyte  death  in  PML, 
there  are  some  potential  limitations  in  our  study.  For  ex¬ 
ample,  we  used  biochemical  rather  than  morphologic 
markers  to  identify  apoptotic  cells,  because  it  was  diffi¬ 
cult  to  accurately  evaluate  nuclear  pyknosis  and  karyor- 
rhexis  in  JCV-infected  cells  due  to  Ae  concomitant  pres¬ 
ence  of  potentially  confounding  virus-induced  changes 
in  the  nucleus.  In  addition,  the  absence  of  specific  mark¬ 
ers  for  necrotic  cell  death  comparable  to  Aose  used  to 
detect  apoptosis  meant  that  it  was  not  possible  to  accu¬ 
rately  quantify  the  relative  contribution  of  apoptosis  and 
necrosis  to  oligodendrocyte  death.  However,  our  find¬ 
ing  that  most  cells  positive  for  J  CV  T  antigen  are  also  un¬ 
dergoing  apoptosis  strongly  suggests  that  it  is  apoptosis 
rather  than  necrosis  that  is  the  primary  mechanism  of 
oligodendrocyte  cell  death  in  JCV-infected  cells  in  PML 
lesions. 

We  did  not  find  significant  differences  in  apoptosis 
between  AIDS  and  non-AIDS  patients  or  among  pa¬ 


tients  with  variable  PML-associated  inflammatory  re¬ 
sponses.  Two  patients  with  prolonged  survival,  includ¬ 
ing  an  AIDS  patient  who  received  HAART  (case  4)  and  a 
non-AIDS  patient  (case  1),  had  increased  numbers  of  in¬ 
fected  atypical  bizarre  astrocytes  and  a  reduced  number 
of  infected  oligodendrocytes  as  determined  by  JCV ISH 
in  autopsy  tissue.  The  reduction  in  infected  oligoden¬ 
drocytes  may  be  a  consequence  of  HAART  and/or  pro¬ 
longed  survival  with  the  disease.^^'^^ 

Oligodendrocyte  death  is  the  key  initiating  event  re¬ 
sponsible  for  the  demyelination  that  is  the  cardinal  patho¬ 
logic  feature  of  PML.  We  now  show  that  JCV-infected 
oligodendrocytes  die  as  a  result  of  apoptosis.  Elucidat¬ 
ing  the  specific  cellular  pathways  associated  with  JCV- 
induced  oligodendrocyte  apoptosis  may  reveal  novel  tar¬ 
gets  for  therapy  of  this  devastating  disease.  Most  apoptotic 
signaling  pathways  involve  activation  of  caspase  cas¬ 
cades  that  originate  with  pathway-specific  initiator 
caspases  (eg,  caspase  8  and  9),  which  converge  on  com¬ 
mon  downstream  effector  caspases  (eg,  caspase  3) 
Effector  caspases  in  turn  act  on  cellular  substrates  to 
induce  the  morphologic  changes  in  cellular  mem¬ 
branes,  cytoskeletal  proteins,  and  chromatin  that  are  the 
hallmarli  of  irreversible  commitment  to  cell  death.  It  is 
conceivable  that  if  caspase  activation  could  be  inhibited 
at  an  early  stage  then  some  JCV-infected  oligodendro¬ 
cytes  may  be  able  to  recover  and  survive.  Support  for  the 
feasibility  of  this  strategy  comes  from  studies  in  which 
caspase  inhibitors  have  been  used  successfully  to  pro¬ 
tect  neurons  from  apoptosis  triggered  by  a  variety  of  in¬ 
citing  stimuli,  both  in  vivo  and  in  vitro.^^"^^ 
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Central  nervous  system  (CNS)  specimens  from  10  immunocompetent  patients  with  herpes 
simplex  encephalitis  (HSE)  and  3  infants  with  congenital  cytomegalovirus  (CMV)  encephalitis 
were  analyzed  to  determine  whether  apoptosis  is  a  feature  of  CNS  injury  in  these  patients. 
Apoptodc  neurons  and  glia  were  detected  in  significant  numbers  in  acute  HSE  and  CMV 
encephalitis.  Occurring  predominantly  in  areas  of  productive  viral  infection,  apoptosis  ap¬ 
peared  to  result  from  direct  viral  injury  to  neurons  and  was  not  dependent  on  inflammatory 
T  cell  responses.  In  contrast  to  patients  with  acute  cases,  patients  with  late  sequelae  of  HSE 
or  CMV  had  no  detectable  virus  and  minimal  neuronal  or  glial  apoptosis,  regardless  of  the 
degree  of  inflammation.  This  is  the  first  demonstration  of  apoptodc  neuronal  death  in  humans 
with  HSE.  These  results  suggest  that  neuronal  apoptosis  is  an  important  contribudng  factor 
to  acute  CNS  injury  and  may  serve  as  a  novel  therapeudc  target  in  these  patients. 


Apoptosis  is  a  distinct  mechanism  of  cellular  death  which 
has  been  increasingly  implicated  in  the  pathogenesis  of  a  wide 
variety  of  acute  and  chronic  neurological  diseases,  including 
stroke,  epilepsy,  traumatic  brain  injury,  andi  neurodegenerative 
diseases  [1-3].  Apoptosis  is  also  an  important  virus-induced 
mechanism  of  neuronal  injury  and  death  in  infected  neuronal 
cell  cultures  in  vitro  and  in  experimental  models  of  viral  central 
nervous  system  (CNS)  in  vivo  infection  [4,  5].  Among  neuro¬ 
tropic  viruses  that  have  been  shown  to  induce  neuronal  and/ 
or  glial  apoptosis  are  arboviruses  [6-13],  bomaviruses  [14],  her¬ 
pesviruses  [15],  lentiviruses  [16,  17],  paramyxoviruses  [18-20], 
reoviruses  [21],  picomaviruses  [22],  rhabdoviruses  [23-25],  and 
togaviruses  [26-32].  Despite  the  wealth  of  evidence  supporting 
the  importance  of  apoptotic  cell  death  in  experimental  systems, 
its  importance  as  a  mechanism  of  cellular  and  tissue  injury 
during  human  CNS  viral  infection  remains  poorly  understood. 
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Studies  of  virus-induced  apoptosis  in  the  human  CNS  has 
largely  been  limited  to  evaluation  of  immunodeficient  patients 
with  human  immunodeficiency  virus  (HrV)-associated  neuro¬ 
logical  deficits  [33-42].  To  our  knowledge,  the  only  other  viral 
infection  in  which  apoptosis  has  been  evaluated  in  human  CNS 
tissues  is  in  patients  with  subacute  sclerosing  panencephalitis 
(SSPE)  following  measles  virus  infection  [43].  Although  virus 
has  been  directly  implicated  in  neuronal  and/or  glial  apoptotic 
death  in  patients  with  HIV  or  SSPE,  these  findings  are  not 
clearly  applicable  to  the  more  common  situation  of  acute  en- 
cephalitides  affecting  immunocompetent  hosts,  because,  in  both 
HIV-associated  CNS  disease  and  SSPE,  it  is  difficult  to  separate 
the  impact  of  an  altered  immune  response  from  the  direct  effects 
of  acute  viral  infection  on  neuronal  and/or  glial  cells. 

The  focus  or  our  study  was  to  investigate  whether  apoptosis 
is  an  important  mechanism  of  CNS  damage  in  immunocom¬ 
petent  patients  suffering  from  herpes  simplex  virus  (HSV)  en¬ 
cephalitis  and  infants  with  congenital  cytomegalovisu  (CMV) 
encephalitis,  2  of  the  most  common  causes  of  acute  viral  en¬ 
cephalitis  in  nonimmunocompromised  hosts.  Herpes  simplex 
encephalitis  (HSE)  has  classically  been  described  as  a  necrotiz¬ 
ing  process;  however,  this  designation  antedated  understanding 
of  the  distinction  between  necrotic  and  apoptotic  cellular  death. 
Significant  advances  in  our  understanding  of  the  pathogenesis 
of  this  disease  have  occurred  in  the  past  decade,  but,  despite 
the  availability  of  acyclovir  therapy,  clinical  outcomes  from 
HSE  are  still  suboptimal,  with  20%  mortality  and  40%  prev¬ 
alence  of  resultant  neurologic  deficits  in  affected  patients  [44]. 
Multiple  investigators  have  confirmed  the  apoptosis-modulat¬ 
ing  effects  (both  pro-  and  antiapoptotic)  of  HSV  infection  and 
gene  products  in  various  cell  lines  in  vitro  [45-52],  including 
neurons  [53,  54].  Neuronal  apoptosis  has  also  been  shown  to 
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occur  in  HSV-infected  animals  [1 5, 55],  but  the  role  of  apoptosis 
in  HSV-induced  CNS  damage  in  humans  remains  unknown, 

CMV  infection  is  the  most  common  congenital  infection  af¬ 
fecting  humans,  creating  a  risk  of  severe  injury  to  the  infected 
fetus  [56],  Up  to  10%  of  infants  bom  to  mothers  with  primary 
CMV  infection  are  symptomatic  at  birth:  10%  of  symptomatic 
infants  die,  and  80%  of  survivors  suffer  severe  neurological 
morbidity  (9000  infants  each  year  in  the  United  States)  [57, 
58],  CMV  encephalitis  is  also  an  important  opportunistic  in¬ 
fection  in  HIV-infected  patients  but  is  rarely  recognized  in  im¬ 
munocompetent  adults  and  older  children,  whose  immune  sys¬ 
tems  are  more  developed  than  that  of  newborn  infants  [59]. 
Pathologically,  encephalitis  occurs  in  a  periventricular  pattern 
and  may  further  cause  polymicrogyria  and  hydrocephalus. 
Multiple  investigators  have  identified  both  pro-  and  antiapop- 
totic  effects  of  CMV  infection  and  gene  products  in  a  variety 
of  cell  lines  in  vitro  [60-67],  which  include  neurons  [68,  69]. 
The  study  of  murine  CMV  infection  in  the  developing  mouse 
brain  in  vivo  has  revealed  apoptosis  in  microglia/macrophages 
and  uninfected  cells  to  a  greater  degree  than  in  infected  cells 
[70],  but  a  murine  model  of  CMV  retinitis  has  revealed  signif¬ 
icant  apoptosis  of  both  infected  and  uninfected  cells  [71].  A 
study  of  apoptosis  in  humans  with  CMV  infection  has  been 
limited  to  HIV  patients  with  CMV  retinitis,  in  which  apoptosis 
was  found  to  contribute  significantly  to  retinal  cell  loss  [72]. 
There  have  been  no  attempts  to  determine  the  role  of  apoptosis 
in  the  CNS  damage  characteristic  of  infants  suffering  from 
congenital  CMV  CNS  infection.  This  study  is  the  first  dem¬ 
onstration  of  CNS  apoptosis  in  patients  with  acute  HSE  and 
congenital  CMV  infection. 

Subjects,  Materials,  and  Methods 
Specimen  Selection  and  Patient  Description 

Case  subject.  Archived  autopsy  and  surgical  biopsy  CNS  tis¬ 
sues  were  collected  from  case  subjects  with  human  HSV  and  CMV 
encephalitis  in  immunocompetent  hosts  from  University  of  Colo¬ 
rado  Health  Sciences  Center-affiliated  hospitals.  Case  subjects  were 
carefully  chosen  to  include  only  those  in  which  a  definitive  diag¬ 
nosis  of  specific  viral  infection  had  been  previously  confirmed  by 
culture,  polymerase  chain  reaction  (PCR),  or  detection  of  viral 
antigen  in  brain  tissue.  In  some  cases,  supportive  serologic  studies 
or  culture  of  virus  from  other  sites  were  available.  Only  well-studied 
case  subjects  with  definitive  diagnoses  were  included  for  analysis 
in  this  study.  Furthermore,  only  case  subjects  for  which  adequate 
amounts  of  tissue  remained  for  serial  sectioning,  as  described  below, 
and  with  adequate  preservation  for  immunohistochemical  analysis 
were  included. 

The  majority  of  acute  HSV  cases  occurred  in  children  and  young 
adults  with  no  known  underlying  disease  or  other  predisposing  factor. 
One  case  occurred  in  an  individual  being  treated  with  combination 
drug  therapy  for  at)q)ical  mycobacterial  pulmonary  infection.  Al¬ 
though  no  specific  immunologic  deficit  could  be  identified  in  this 


patient,  the  neuropathological  features  were  similar  to  those  reported 
in  HSV-infected  immunocompromised  individuals.  In  these  patients, 
it  has  been  noted  that  there  is  a  lack  of  inflammatory  cell  response 
and  widespread  pseudoischemic  neuronal  changes  in  association  with 
large  numbers  of  viral  bearing  cells  [73].  We  chose  to  include  this 
case  because  it  provided  a  rare  opportunity  to  assess  apoptosis  in 
the  absence  of  an  inflammatory  response. 

The  CMV  cases  analyzed  were  all  congenital  CMV  infections, 
since  immunocompetent  adults  are  only  rarely  affected  [59].  CMV 
infections  in  immunocompromised  patients,  including  those  with 
underlying  HIV  infection  or  malignancy,  were  specifically  excluded. 

In  addition  to  selecting  patients  with  acute  HSV  and  CMV  CNS 
infection,  we  also  wished  to  analyze  patients  with  neurologic  se¬ 
quelae  occurring  months  to  years  after  severe  CNS  herpetic  infec¬ 
tion,  to  assess  the  potential  persistence  of  apoptotic  injury.  Three 
such  patients  with  remote  HSV  infection  were  identified,  with  CNS 
abnormalities  consisting  of  severe  neuronal  loss,  gliosis,  and  cav¬ 
itation  in  bilateral  temporal  lobes,  as  well  as  varying  degrees  of 
persistent  lymphocytic  inflammation.  Two  patients  were  identified 
with  subacute  and  remote  CMV  infection  (weeks  to  years  following 
acquisition  of  virus),  both  of  whom  had  severe  gyral  anomalies. 
Demographic  and  clinical  information  for  these  patients  is  sum¬ 
marized  in  table  1. 

Exclusions.  Cases  in  inmumocompromised  individuals  were  spe¬ 
cifically  excluded,  including  those  in  which  the  patient  had  1  of  the 
3  most  common  hnmimocompromising  conditions:  congenital  im- 
mimodeficiency,  underlying  malignancy,  or  HIV  infection.  We  felt 
that  it  was  particularly  important  to  exclude  HIV-infected  patients 
with  secondary  herpetic  infection,  since  it  would  be  difficult  to  discern 
the  specific  contribution  of  each  virus  in  the  pathogenic  process.  Case 
subjects  were  also  rejected  because  of  inadequacy  of  tissue  samples 
available  for  sequential  sectioning  or  tissues  with  compromised  in¬ 
tegrity  that  precluded  immunohistochemical  analysis. 

Control  cases.  Control  cases,  as  described  above,  included  pa¬ 
tients  in  whom  infection  was  clearly  implicated  by  the  above  criteria 
but  in  whom  infection  was  remote  at  the  time  biopsy/autopsy  tissue 
was  obtained.  Additional  control  cases  included  assessment  of  base¬ 
line  neuronal  apoptosis  in  normal  autopsy  brain  tissues  (normal 
hippocampus)  from  patients  at  various  ages  of  neurodevelopment 
(infancy  to  late  adulthood).  This  was  important  for  interpretation 
of  the  significance  of  occasional  apoptotic  neuronal/glial  cells  noted 
in  some  remotely-infected  patients,  as  well  as  for  determination  of 
baseline  age/developmental  stage-specific  neuronal/glial  apoptosis 
levels  in  uninfected  patients. 


Immunohistochemical  Evaluation 

A  protocol  of  serial  sectioning  was  undertaken  from  each  tissue 
block,  so  that  mirror-image  sections  could  be  assessed  for  specific 
virus,  presence  of  apoptosis,  and  presence  of  inflammatory  T  cells. 
Consecutive  sections  were  cut  (4  fim  thick)  from  formalin-fixed, 
paraffin-embedded  tissue  blocks.  When  available,  multiple  sections 
(up  to  5)  from  a  given  case  patient  were  analyzed  as  a  further 
experimental  control,  including  areas  both  histologically  involved 
and  uninvolved  in  the  infectious  process.  Sections  were  deparaffin- 
ized  and  rehydrated  using  standard  methods  and  then  evaluated 
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Table  1.  Demographic  and  clinical  summary  of  patients  with  herpes  simplex  virus  (HSV)  and  cytomegalovirus  (CMV)  central  nervous 
system  infection. 


Virus, 

disease  stage, 
patient 

Age,  sex 

Clinical  summary 

HSV 

Acute 

1 

19  months,  M 

Seizures  and  coma  (encephalitis) 

2 

8  years,  M 

Encephalitis 

3 

12  years,  F 

Fever,  seizures  27  days  after  traumatic  brain  injury 

4 

17  years,  M 

Meningoencephalitis 

5 

19  years,  M 

Right  temporal  lobe  mass  and  edema  with  near-herniation 

6 

66  years,  M 

Fever,  altered  mental  status,  focal  and  generalized  seizures,  focal  neurologic  findings  after  10-year  history  of  pulmonary  atypical 
mycobacteria  disease  while  receiving  chronic  medication  regimen 

7 

72  years,  F 

Edematous  right  hemisphere  after  Escherichia  coli  sepsis 

Remote 

8 

25  years,  F 

Persistent  seizure  disorder  and  hemiparesis  (HSE  12  years  before) 

9 

68  years,  F 

Postherpetic  neurologic  deficits,  language  and  memory  deficits,  confusion,  gait  disturbance  (HSE  1  year  before) 

10 

85  years,  F 

Postherpetic  encephalitis  dementia,  aggressive  behavior  (HSE  3  years  before) 

CMV 

Acute 

11  ' 

25-week  EGA 

Congenital  CMV  infection  with  oligohydramnios,  fetal  ascites,  hydrocephalus,  multiple  intracranial  hemorrhages  first  noted  1 

fetus,  M 

week  prior  to  TAB 

Subacute 

12 

23-week  EGA 

Congenital  CMV  infection  with  oligohydramnios,  fetal  ascites,  hepatomegaly  with  extramedullary  hematopoesis,  and  polymi- 

fetus,  F 

crogyria;  high  maternal  CMV  IgG  with  negative  IgM,  suggesting  infection  approximately  6-8  weeks  prior  to  testing 

Remote 

13 

3  years,  F 

Previous  congenital  CMV  infection  with  resultant  hydrocephalus,  left  hemispheric  atrophy,  micropolygyria,  profound  retarda¬ 
tion,  deafness,  blindness,  spastic  quadriplegia;  symptomatic  since  1  day  of  age 

NOTE.  EGA,  estimated  gestational  age;  HSE,  herpes  simplex  encephalitis;  TAB,  therapeutic  abortion. 


by  the  following  techniques  by  at  least  2  independent  observers  in 
a  blinded  fashion. 

Hematoxylin-eosin  (HE)  stain.  A  standard  protocol  was  util¬ 
ized  for  general  histological  definition,  evidence  of  viral  inclusion 
bodies  (Cowdry  A),  inflammatory  T  cell  infiltrate,  and  anoxic 
damage. 

Virus-specific  immunohistochemistry.  We  analyzed  all  sections 
for  the  presence  and  distribution  of  specific  productive  viral  infec¬ 
tion.  After  antigen  retrieval  (sections  microwaved  for  4  min  in 
citrate  buffer)  and  blockade  of  endogenous  peroxidase  activity  (3% 
H2O2  for  4  min  at  37°C),  sections  were  incubated  in  either  HSV- 
specific  antibody  which  recognizes  HSV-1  and  -2  (BOl  14/BO  116, 
DAKO;  1:800  dilution,  32  min  at  37°C)  or  CMV-specific  antibody 
(MAB-012D,  BioMeda;  prediluted,  32  min  at  37°  C).  Sections  were 
probed  with  avidin-hprseradish  peroxidase  (Avidin-HRPO,  Ven- 
tana  Medical  Systems).  We  visualized  labeling  by  use  of  diami- 
nobenzadine  peroxidase  substrate  (Ventana)  and  counterstained  us¬ 
ing  Giirs  #2  (1:9  dilution  for  4  min  at  37°C).  All  reactions  were 
performed  on  a  Ventana  Automated  Staining  System.  Positive  and 
negative  control  cases  were  included  for  all  reactions. 

Activated  caspase-3ICD3  (pan-T-cell  marker)  immunohistochem- 
istry  (double  labeling).  To  simultaneously  identify  inflammatory  T 
cells  within  sections  and  determine  whether  these  were  a  separate  or 
identical  population  of  cells  showing  evidence  of  apoptosis,  we  per¬ 
formed  immunohistochemical  colabeling  on  all  sections  using  anti¬ 
body  directed  against  CD3,  a  pan-T-cell  marker  (A0452,  DAKO), 
in  conjunction  with  antibody  directed  against  cleaved  (activated) 
caspase-3  (Asp-175,  Cell  Signaling  Technology).  Caspase-3  is  a  cys¬ 
teine  protease  that  plays  a  central  role  in  apoptosis.  The  presence  of 
activated  caspase-3  is  a  sensitive  and  specific  marker  of  apoptosis. 


After  antigen  unmasking  and  blockade  of  endogenous  peroxidase 
activity,  sections  were  blocked  and  then  incubated  in  cleaved  cas¬ 
pase-3  antibody  (1 :25  dilution  in  blocking  solution  for  32  min  at 
37°C).  Biotinylated  universal  antibody  (Ventana)  was  used  as  sec¬ 
ondary  antiserum  (8  min  at  37°C).  Sections  were  probed  with  avidin- 
HRPO  (Ventana;  8  min  at  37°C).  We  visualized  activated  caspase-3 
labeling  using  diaminobenzadine  peroxidase  substrate  (DAB;  Ven¬ 
tana).  Immediately  after  this  step,  sections  were  incubated  with  CD3 
antibody  (1:100  dilution;  32  min  at  37°Q.  Biotinylated  universal 
antibody  (Ventana)  was  used  as  secondary  antiserum  (8  min  at  37°C). 
We  visualized  labeling  by  CD3  antibody  using  the  Enhanced  Al¬ 
kaline-phosphatase  red  kit  (Ventana).  Sections  were  counterstained 
with  hematoxylin.  All  steps  were  performed  on  a  Ventana  Automated 
Staining  System.  Positive  and  negative  control  cases  were  used  for 
all  reactions. 

TUNEL.  We  analyzed  all  sections  for  evidence  of  DNA  frag¬ 
mentation  consistent  with  apoptotic  cleavage  by  using  in  situ  TU¬ 
NEL  (NeuroTacs  II  system;  Trevigen).  Terminal  deoxynucleotidyl 
transferase  (TdT)  was  utilized  to  incorporate  biotinylated  nucle¬ 
otides  at  the  sites  of  DNA  breaks,  which  are  characteristic  of  ap¬ 
optosis.  We  made  permeable  sections  with  Proteinase  K  at  a  1 :400 
dilution,  diluted  in  a  50:50  mixture  of  PBS  and  Neuropore  for  20 
min  at  37°  C.  Following  the  TdT-enzyme  dependent  step  (1  h  in¬ 
cubation  at  37°C  using  coverslips  and  a  humidified  chamber),  we 
treated  sections  with  streptavidin-HRP  for  20  minutes  and  visu¬ 
alized  with  DAB  for  1-5  min.  Blue  counterstain  was  utilized  to 
effectively  visualize  background  cellular  architecture.  We  per¬ 
formed  a  TdT-enzyme  negative  control  case  on  all  TUNEL  runs 
to  ensure  that  resultant  brown  staining  was  truly  indicative  of  being 
TdT-dependent,  rather  than  nonspecific  background  labeling. 
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Technical  Issues/Control  Cases 

To  ensure  accurate  interpretation  of  all  immunohistochemical 
analyses  described  above,  multiple  negative  controls  were  included 
in  conjunction  with  all  staining  procedures  for  each  evaluated  case. 
Negative  control  sections  were  treated  identically  to  sections  for  anal¬ 
ysis  within  the  same  run,  with  the  exception  of  the  key  enzyme  or 
antibody  required  for  specific  immunoreactivity  (i.e.,  anti-CD3  an¬ 
tibody,  anti-cleaved  caspase-3  antibody,  TdT  enzyme).  As  an  addi¬ 
tional  negative  control,  uninvolved  tissue  sections  from  diseased  pa¬ 
tients  (when  available)  were  evaluated  in  conjunction  with  their 
respective  involved  tissue  sections.  All  such  controls  were  appropri¬ 
ately  negative  for  viral  antigen,  activated  caspase-3,  and  TUNEL. 

Results 

Apoptosis  in  HSE  in  association  with  productive  viral  infec¬ 
tion.  We  evaluated  7  patients  with  acute  HSE.  Six  (86%)  of 
7  had  clear  evidence  of  neuronal  and  glial  apoptosis,  as  dem¬ 
onstrated  by  TUNEL  and/or  activated  caspase-3  staining  (table 
2),  with  a  high  degree  of  congruity  noted  using  both  apoptosis 
detection  methods.  Apoptotic  cells  were  unequivocally  identi¬ 
fied  as  neurons  or  glia  by  morphologic  characteristics.  Neurons 
made  up  a  larger  proportion  of  apoptotic  cells,  compared  with 
glial  cells.  Apoptotic  cells  did  not  exhibit  late  morphologic  fea¬ 
tures  of  apoptosis  (nuclear  condensation,  margination,  or  pyk- 
nosis),  suggesting  apoptosis  was  detected  at  a  relatively  early 


stage  at  the  time  that  tissues  were  obtained.  Apoptotic  cells 
were  restricted  predominantly  to  areas  of  productive  viral  in¬ 
fection  and  did  not  occur  as  a  widespread,  nonspecific  process 
in  histologically  or  virologically  uninvolved  areas  within  the 
same  tissue  section.  Apoptotic  neurons  and  glia  were  detected 
in  acutely  infected  patients  in  regions  of  disrupted  CNS  tissue 
bearing  HSV  antigen,  as  measured  by  TUNEL  (figure  lA-C) 
and/or  activated  caspase-3  (table  2).  In  contrast,  evaluation  of 
separate  areas  of  anoxic  tissue  damage  in  these  same  patients 
showed  no  evidence  of  productive  HSV  infection  or  apoptot¬ 
ic  damage,  as  measured  by  TUNEL  (figure  ID-F)  and  active 
caspase-3  staining. 

We  also  evaluated  3  patients  with  well-documented  HSE  in¬ 
fection  occurring  1-12  years  before  biopsy  or  autopsy  with 
chronic  neurologic  deficits,  including  dementia,  aggressive  be¬ 
havior,  language  and  memory  deficits,  gait  disturbances,  and 
seizure  disorder  with  hemiparesis.  Although  all  patients  had 
histologically  abnormal  areas  of  CNS  tissue  evident  by  HE 
stain,  none  had  evidence  of  ongoing  productive  viral  infection 
with  HSV  (as  demonstrated  by  negative  HSV  specific  immu- 
nostain).  In  contrast  to  acutely  infected  patients,  none  of  these 
3  patients  had  significant  apoptosis,  as  evidenced  by  TUNEL 
(figure  lG-1)  or  activated  caspase-3  staining  (table  2). 

Apoptosis  in  congenital  CMV  CNS  disease  in  association  with 
productive  viral  infection.  We  analyzed  tissues  from  a  patient 


Table  2.  Results  summary  of  patients  with  herpes  simplex  virus  (HSV)  and  cytomegalovirus  (CMV)  central  nervous  system  infection. 


Virus,  disease 
stage,  patient 

HE 

Viral 

immunostain 

CD3 

Active 

caspase-3 

TUNEL 

HSV 

Acute 

1 

Widespread  cortical  destruction 

++  + 

++  + 

++  + 

+  +  + 

2 

Cortical  Inflammation 

+  + 

++ 

-1- 

.+  + 

3 

Cortical  microgliosis,  inflammation 

+ 

+ 

+ 

+ 

4 

Massive  cortical  destruction 

+++ 

++ 

*- 

5 

Meninges  inflamed;  diffuse  cortical  neuronal  death,  edema,  and  necrosis  beyond  number 
of  viral-infected  cells;  some  Cowdry  inclusions  present 

++ 

(cortex) 

(meninges) 

-I-+ 

Artifact 

(uninterpretable) 

6 

Cortical  destruction,  no  inflammation 

+++ 

+++ 

-I-+  + 

7 

Cortical  microgliosis,  inflammation 

-1- 

+ 

+ 

Remote 

8 

Severe  neuronal  loss,  multicystic  cavitation,  lymphocytes,  microgliosis 

++  + 

(rare) 

9 

Severe  neuronal  loss,  reactive  astrocytosis,  dramatic  perivascular  lymphocytic  infiltrates 

■ 

+++ 

(rare) 

10 

Extensive  neuronal  necrosis  and  reactive  astrocytosis 

Artifact 

(uninterpretable) 

CMV 

Acute 

11 

Periventricular  and  intraparenchymal  calcification;  many  multinucleated  giant  cells  with 
Cowdry  A  inclusion  bodies;  focal  micropolygyria  of  right  hippocampus 

+  +  + 

(periventricular) 

-I-++ 

-l-l- 

Subacute 

12 

Marked  micropolygyria.  Punctate  necrosis  with  calcification  throughout  white  matter; 
ependymitis;  only  rare  CMV  inclusions  on  multiple  sections 

(except  2  cells) 

Remote 

13 

Polymicrogyria,  ependymal  destruction;  no  CMV  inclusions 

Artifact 

(uninterpretable) 

NOTE.  Scoring  indicates  relative  quantitation  of  number  of  positively  stained  cells  in  histologically  involved  areas,  ranging  from  no  staining  (-)  to  highest 
degree  of  staining  (+  ++).  HE,  Hematoxylin-eosin  stain. 
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Figure  1.  Apoptosis  in  acute  herpes  simplex  virus  (HSV)  encephalitis  (HSE).  Sections  of  central  nervous  system  (CNS)  tissue  from  patient  1 
with  acute  HSE  (A-F)  and  patient  8  with  remote  HSE  (G-I)  are  shown.  CNS  tissue  from  patient  1  with  acute  HSE  demonstrates  widespread 
cortical  injury  (hematoxyln-eosin  stain  [HE];  A\  including  many  HSV-productively  infected  neurons  (brown  staining,  arrowheads',  B),  and  wide¬ 
spread  neuronal/gjial  apoptosis  (TUNEL;  brown  staining,  arrowheads;  Q.  In  contrast,  areas  of  adjacent  cortical  injury  due  to  anoxia  rather 
than  productive  viral  infection  (E),  have  no  evidence  of  apoptotic  injury  (F).  CNS  tissue  from  patient  8  with  chronic  neurologic  deficits  resulting 
from  HSE  12  years  prior  to  death  (remote)  shows  widespread  cortical  destruction  (G),  without  evidence  of  productive  viral  infection  (H)  and 
no  evidence  of  ongoing  apoptosis  (I).  Bar,  20  /im. 


with  recently-acquired  congenital  CMV  disease  and  classic  per¬ 
iventricular  involvement.  This  patient  had  widespread  Cowdry 
A  inclusion  bodies  and  multinucleated  giant  cells  evident  in  the 
periventricular  region  on  HE  stain  (figure  2A),  in  conjunction 
with  large  numbers  of  productively  infected  neurons  (as  mea¬ 
sured  by  CMV-specific  immunostain)  in  this  region  (figure  2B), 
There  was  nearly  a  1 : 1  correlation  between  number  of  CMV- 
staining  cells  and  apoptotic  cells,  as  evidenced  by  both  TUNEL 
(figure  2C)  and  activated  caspase-3  techniques  (table  2).  Areas 
immediately  adjacent  to  this  periventricular  concentrated  dis¬ 
tribution  of  CMV,  as  well  as  an  area  of  focal  polymicrogyria 


in  the  right  hippocampus  of  this  patient,  were  also  evaluated 
and  showed  no  evidence  of  histological,  virologic,  or  apoptotic 
disruption. 

We  also  evaluated  2  patients  with  severe  neurologic  sequelae 
of  congenital  CMV  CNS  infection,  including  marked  micro- 
polygyria,  ependymitis,  and  diffuse  white  matter  punctate  ne¬ 
crosis/calcification.  These  sequelae  were  the  result  of  infection 
occurring  as  recently  as  6-8  weeks  (subacute)  but  as  long  as  3 
years  (remote)  after  acquisition  of  CMV  virus  in  utero.  In  con¬ 
trast  to  the  acutely-infected  patient  described  above,  we  dem¬ 
onstrated  minimal  evidence  of  ongoing  productive  CMV  in- 
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Figure  2.  Apoptosis  in  congenital  cytomegalovirus  (CMV)  central  nervous  system  (CNS)  infection.  Sections  of  CNS  tissue  from  patient  1 1 
with  acute  periventricular  CNS  disease  due  to  congenitally  acquired  CMV  (A-C),  as  well  as  patient  12  with  subacute  (6-8  weeks  prior  to  analysis) 
congenitally  acquired  CMV  (D-F).  CNS  tissue  from  the  acutely  infected  infant  shows  many  multinucleated  giant  cells  (A),  including  cells  with 
Cowdry  A  inclusion  bodies  (arrows),  productive  CMV  infection  (dark  brown  staining,  arrows;  and  evidence  of  apoptosis  (TUNEL,  dark 
brown  staining,  arrows;  Q.  CNS  tissue  from  the  infant  with  subacute  infection  showed  no  periventricular  multinucleated  giant  cells,  productive 
viral  infection  or  apoptosis.  In  an  area  of  cortical  polymicrogyria  (hematoxyln-eosin  stain  [HE];  D)  there  was  only  one  cell  identified  with  productive 
CMV  infection  (E)  and  no  evidence  of  apoptosis  (TUNEL;  F).  Pale-brown  staining  seen  is  nonspecific  and  not  different  from  that  seen  in  uninfected 
control  cases  (data  not  shown).  Bar,  20  /xm. 


fection,  as  evidenced  by  the  absence  of  CMV  inclusions  bodies 
on  HE  stain,  as  >vell  as  rare  (subacute)  or  absent  (remote)  CMV- 
specific  immunostained  cells  in  these  patients.  Neither  case  pa¬ 
tient  had  significant  apoptosis  by  either  activated  caspase-3  or 
TUNEL  staining  techniques  (table  2  and  figure  2D-F  [suba¬ 
cute]).  These  results  indicate  that  neuronal/glial  apoptosis  is 
associated  with  productive  CMV  viral  infection  acquired  in 
utero  and  does  not  persist  at  timepoints  remote  from  infection, 
even  in  patients  with  severe  neurologic  sequelae  and  gyral 
anomalies  occurring  weeks  to  years  after  acquisition  of  virus. 

Apoptosis  in  HSVAnfected  neurons! glia.  Having  demon¬ 
strated  apoptosis  in  CNS  tissue  of  acute  HSV-  infected  patients, 
we  wished  to  further  characterize  whether  apoptosis  occurs  in 
virus-infected  neurons/glia  or  uninfected  bystander  cells.  The  ma¬ 
jority  of  cells  exhibiting  evidence  of  apoptosis  by  activated  cas¬ 
pase-3  staining  were  costained  for  HSV  antigen,  and  these  dou¬ 
ble-stained  cells  had  morphological  features  identifying  them  as 
neuronal  or  glial  in  origin  (figure  3^).  Not  all  HSV-positive  cells 
were  apoptotic.  Apoptotic  cells  were  not  seen  outside  areas  of 
viral  infection;  however,  not  all  apoptotic  cells  were  antigen  pos¬ 
itive,  suggesting  that  apoptosis  occurs  both  as  a  direct  conse¬ 


quence  of  viral  infection  and  also  through  indirect  bystander 
mechanisms  in  cells  with  close  proximity  to  infected  cells. 

Apoptosis  in  CMV-infected  neurons.  Having  demonstrated 
apoptosis  in  CNS  tissue  of  a  patient  with  acute  CMV  infection, 
we  wished  to  further  characterize  whether  apoptosis  occurs  in 
virus-infected  neurons/glia  or  uninfected  bystander  cells.  A  large 
proportion  of  cells  exhibiting  evidence  of  apoptosis  by  activated 
caspase-3  staining  were  costained  for  CMV  antigen,  and  these 
double-stained  cells  had  morphological  features  unequivocally 
identifying  them  as  of  neuronal  origin  (figure  3B),  often  occurring 
in  multinucleated  giant  cells  bearing  Cowdry  A  inclusions.  In 
contrast  to  HSV  infection  (in  which  the  number  of  virus-infected  ‘ 
cells  was  substantially  greater  than  apoptotic  cells),  the  number 
of  CMV-infected  cells  closely  matched  the  number  of  apoptotic 
cells.  This  suggests  that,  in  distinction  to  HSV  infection,  in  which 
both  direct  and  bystander  apoptosis  occur,  in  CMV  infection, 
apoptosis  results  predominantly  from  direct  viral  injury  to  in¬ 
fected  cells. 

Neuronal  apoptosis  not  dependent  on  inflammatory  T  cell  re¬ 
sponses  to  HSV  or  CMV  infection.  We  wished  to  determine 
whether  apoptosis  resulted  as  a  consequence  of  viral  infection 
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Figure  3.  Costaining  for  apoptosis  and  productive  viral  infection.  Sections  of  central  nervous  system  (CNS)  tissues  from  patient  1  with  acute 
herpes  simplex  encephalitis  (HSE;  A)  and  patient  11  with  acute  cytomegalovirus  (CMV)  CNS  infection  (B)  were  costained  for  evidence  of 
productive  viral  infection  (HSV  or  CMV-specific  antibody,  indicated  by  red  staining),  as  well  as  apoptosis  (activated  caspase-3  antibody,  indicated 
by  brown  staining).  In  both  acute  HSV  and  acute  CMV  CNS  infections,  multiple  neurons  and  glial  cells  were  identified  which  were  both  infected 
with  virus  and  undergoing  apoptosis  (colabeled  cells  are  indicated  by  maroon  staining,  large  arrows).  Examples  of  cells  with  productive  viral 
infection,  but  not  undergoing  apoptosis  (white  arrowheads),  as  well  as  cells  undergoing  apoptosis  without  productive  viral  infection  (black 
arrowheads)  were  also  present  in  both  CMV  and  HSV  infection.  Bar,  20  ^tm. 


independent  of  the  host  immune  response  or  alternatively,  re¬ 
sulted  from  immune-mediated  killing  of  virus-infected  cells.  We, 
therefore,  examined  the  association  between  the  degree  of  in¬ 
flammatory  response  and  the  presence  of  apoptosis.  Neuronal 
and  glial  apoptosis  were  noted  in  acutely  infected  patients,  re¬ 
gardless  of  the  degree  of  inflammatory  T  cell  infiltrate  (as  mea¬ 
sured  by  activated  caspase-3  and  CD3-labeling),  The  majority 
of  acutely  infected  patients  had  significant  inflammation  as  a 
component  of  their  disease,  but  CD3-positive  labeled  cells  rep¬ 
resented  a  distinct  population  from  apoptotic  cells  (as  evidenced 
by  lack  of  colabeling  with  activated  caspase-3)  (figure  AA).  As 
a  corollary  observation,  we  still  detected  high  levels  of  neuronal/ 
glial  apoptosis  in  an  acutely  infected  patient  who  did  not  mount 
any  inflammatory  response  to  viral  infection  (table  2).  Fur¬ 
thermore,  despite  the  presence  of  extensive  inflammatory  cell 
infiltrates  in  2  of  3  remotely  infected  patients  (as  evidenced  by 
large  numbers  of  CD3-positive  staining  cells),  inflammatory  T 
cells  were  not  found  to  be  apoptotic  (no  activated  caspase-3 
costaining)  nor  were  adjacent  neurons/glia  (figure  4Q.  These 
results  suggest  that  the  inflammatory  response  and  the  apop¬ 
totic  program  are  distinct  (although  possibly  interacting)  pro¬ 
cesses  in  HSV-infected  patients. 

CMV-infected  infants  had  less  T  cell  inflammatory  response 
to  infection,  compared  with  HSV-infected  patients,  consistent 
with  the  fact  that  infants  have  relatively  immature  immune 
responses,  compared  with  older  children  and  adults.  In  spite 
of  this  less-robust  inflammatory  response,  abundant  neuronal/ 
glial  cell  apoptosis  was  noted  in  the  acute  CMV-infected  infant, 
as  described  earlier  (figure  2).  In  areas  where  CD3-positive  in¬ 
flammatory  cell  infiltrates  were  detected,  T  cells  represented  a 
distinct  population  from  cells  exhibiting  evidence  of  apoptosis, 
as  measured  by  activated  caspase-3  (figure  42)). 

Taken  together,  results  from  the  evaluation  of  tissues  from  all 


HSV  and  CMV-infected  patients  indicate  that  apoptosis  occurs 
in  neurons/glia  of  acutely  infected  patients,  in  close  temporal  and 
spatial  association  with  productive  viral  infection,  and  is  not 
dependent  on  secondary  inflammatory  T  cell  responses. 

Absence  of  apoptosis  in  age-matched  control  subjects  without 
CNS  infection.  To  assess  the  degree  of  baseline  apoptosis  in 
CNS  tissues  as  a  function  of  age,  we  analyzed  autopsy  tissues 
(hippocampal  sections)  from  uninfected  patients  who  died  from 
other  causes.  Tissue  samples  from  1 1  patients  representing  each 
decade  of  life  from  infancy  to  late  adulthood  were  analyzed 
and  showed  minimal  (infancy)  or  no  (all  other  age  groups) 
evidence  of  apoptosis,  as  measured  by  activated  caspase-3  stain¬ 
ing  (data  not  shown).  These  results  lend  further  support  to  the 
finding  that  the  apoptosis  that  occurs  in  neurons/glia  of  HSV 
and  CMV-infected  patients  is  a  pathologic  process,  distinct 
from  normal  developmental  or  age-related  changes. 


Discussion 

Our  study  is  the  first  demonstration  of  apoptotic  neuronal 
death  in  patients  with  acute  viral  CNS  infection,  specifically  in 
patients  with  HSE  and  congenital  CMV  infection.  In  addition 
to  demonstrating  neuronal/glial  apoptosis  in  regions  of  the 
brain  with  acute  productive  viral  infection,  we  demonstrate  that 
apoptosis  is  not  found  in  brains  of  patients  with  severe  CNS 
injury  and  neurologic  symptoms  months  to  years  after  acute 
viral  infection.  In  both  CMV  and  HSV  infection,  the  presence 
and  degree  of  apoptosis  did  not  correlate  with  the  presence  or 
magnitude  of  inflammatory  response,  indicating  that  apoptosis 
is  a  direct  consequence  of  viral  injury,  rather  than  a  secondary 
effect  of  virus-induced  inflanunatory  responses.  Our  findings 
imply  that  apoptotic  neuronal  death  is  an  important  component 
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Figure  4.  Costaining  for  apoptosis  and  CD3  T  cell  marker.  Sections  of  central  nervous  system  (CNS)  tissues  from  patient  1  with  acute  herpes 
simplex  encephalitis  (HSE;  A  and  5),  patient  8  with  remote  HSE  (C),  and  patient  11  with  acute  cytomegalovirus  (CMV)  encephalitis  (D)  were 
costained  for  evidence  of  inflammatory  cell  infiltrate  (CD3  antibody,  indicated  by  red  staining),  as  well  as  apoptosis  (activated  caspase-3  antibody, 
indicated  by  brown  staining).  In  both  the  case  of  acute  HSV  (A)  and  acute  CMV  (D),  cells  undergoing  apoptosis  (large  arrows)  were  a  distinct 
population  from  immune  cells  (arrowheads),  and  no  colabeled  cells  were  detected.  No  apoptosis  or  immune  cells  were  detected  in  a  control  area 
of  anoxic  cortical  injury  without  productive  viral  infection  (patient  1  with  acute  HSE;  B).  As  a  corollary,  patient  8  with  remote  HSE  (and  no 
evidence  of  productive  viral  infection)  had  a  robust  immune  cell  response  (arrowheads;  C),  without  evidence  of  apoptosis.  Bar,  20  jttm. 


of  CNS  injury  and  destruction  in  the  acute  phase  of  infection 
of  patients  with  viral  CNS  infection. 

The  correlation  between  the  number  of  infected  neurons  and 
the  degree  of  apoptotic  neuronal  death  differed  in  HSV  and 
congenital  CMV  infection.  Although  only  one  case  of  acute 
congenital  CMV  infection  was  available  for  analysis,  CMV 
infection  was  associated  with  a  nearly  direct  (1 : 1)  correlation 
between  the  number  of  infected  neurons  and  the  number  of 
apoptotic  neurons,  whereas  tissues  from  patients  with  acute 
HSV  infection  showed  many  more  infected  nonapoptotic  neu¬ 
rons  than  infected  apoptotic  neurons.  There  are  several  poten¬ 
tial  explanations  for  this  difference  in  degree  of  observed  ap¬ 
optosis.  First,  HSV  and  CMV  may  differ  in  their  capacity  to 
induce  apoptotic-signaling  pathways  in  neuronal  cells.  Strain- 
specific  differences  in  the  capacity  to  induce  apoptosis  have 
been  described  in  other  viral  models  of  neuronal  apoptosis  [74], 
and  this  may  apply  to  different  members  of  the  herpesvirus 
family,  as  well.  Alternatively,  although  we  chose  to  analyze  only 
immunocompetent  hosts  in  this  study,  congenitally  infected 
CMV  patients  are,  to  some  degree,  less  immunocompetent  at 


the  time  of  their  productive  viral  infection  than  older  children 
and  adults  at  the  time  of  their  acute  HSV  infections.  Therefore, 
CMV-infected  infants  could  be  prone  to  higher  degrees  of  direct 
virus-mediated  apoptotic  injury  at  the  time  of  acute  infection. 
Finally,  the  observed  difference  may  be  related  to  the  relative 
tempo  by  which  infection  proceeds  in  HSV,  compared  with 
CMV-infected  patients.  The  clinical  presentation  and  histopa- 
thology  associated  with  these  2  diseases  are  markedly  different. 
In  HSV  infection,  neurons/glia  are  rapidly  infected,  resulting 
in  an  overwhelming,  lytic,  hemorrhagic  destructive  process.  It 
is  rare  to  observe  viral  inclusion  bodies  and/or  multinucleated 
giant  cells  in  CNS  tissues  of  patients  with  HSV  infection.  In 
contrast,  neurons  infected  with  CMV  typically  accumulate  large 
amounts  of  virus  prior  to  destruction,  as  reflected  by  easily 
observable  Cowdry  A  viral  inclusions  within  infected  multi¬ 
nucleated  giant  cells.  One  potential  consequences  of  this  dif¬ 
ference  is  that  identification  of  infected  cells  on  the  basis  of 
prominent  cytomegaly  in  the  case  of  CMV  infection  may  greatly 
facilitate  identification  of  infection  and  apoptosis  in  identical 
cells  using  sequential  sections.  Additionally,  the  accumulation 
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of  large  amounts  of  virus  within  an  infected  cell  prior  to  cell 
lysis  (as  occurs  in  CMV)  may  in  some  manner  potentiate  the 
initiation  of  the  apoptotic  program. 

Our  study  indicates  that,  in  HSV  and  CMV  infection,  CNS 
apoptosis  appears  to  result  as  a  direct  consequence  of  viral 
infection  of  neurons,  rather  than  as  a  secondary  consequence 
of  virus-induced  inflammatory  T  cell  responses  or  in  infiltrating 
T  cells  themselves.  This  is  in  contrast  to  experimental  Murray 
Valley  Encephalitis  infection,  in  which  inflammatory  infiltrate 
includes  apoptotic  macrophages  and  lymphocytes  [10].  Simi¬ 
larly,  during  experimental  Semliki  Forest  Virus  encephalitis, 
infiltrating  leukocytes  and  neural  precursor  cells  undergo  ap¬ 
optosis  while  productively  infected  neurons  undergo  necrosis 
[27].  However,  apoptotic  inflammatory  cells  may  also  secrete 
factors  that  induce  apoptosis  in  neighboring  cells,  as  seen  in 
the  case  of  HIV  infection,  in  which  infiltrating  mononuclear 
phagocytes  secrete  a  variety  of  factors  that  mediate  neuronal 
apoptosis  [75,  76].  Although  apoptosis  appears  to  be  a  direct 
effect  of  viral  infection,  rather  than  an  indirect  effect  of  proin- 
flammatory  cytokines,  in  HSE  and  congenital  CMV  CNS  in¬ 
fection,  it  is  possible  that  inflammatory  responses  provide  an 
additional  mechanism  of  tissue  injury,  and  could  interact  in 
some  way  with  virus-induced  apoptotic  signaling  processes. 

There  are  many  plausible  reasons  why  neuronal  apoptosis 
likely  has  biological  significance  in  viral  infections  of  the  human 
CNS.  A  complex  network  of  intracellular  signaling  cascades  is 
activated  by  apoptosis-inducing  stimuli  in  neurons.  In  addition 
to  the  basic  apoptosis-related  biochemical  and  morphological 
changes  seen  in  neuronal  cells,  apoptotic  neurons  also  undergo 
alterations  in  neurotransmitter  release,  growth  factor  secretion, 
and  cell-cell  interactions.  These  changes  can  have  deleterious 
effects  on  neighboring  neurons  during  the  primary  insult,  often 
resulting  in  a  widening  of  the  area  of  neuronal  loss  at  timepoints 
directly  following  the  initial  insult  [77]. 

This  study  suggests  that  apoptosis  is  an  important  mecha¬ 
nism  of  virus-induced  neuronal  and  glial  cell  death  in  the  CNS 
of  humans  with  viral  encephalitis.  These  results  have  impor¬ 
tance  not  only  for  an  improved  understanding  of  the  patho¬ 
genesis  of  human  encephalitis  but  also  for  the  potential  devel¬ 
opment  of  novel  therapeutic  strategies.  The  importance  of 
apoptotic  death  in  virus-induced  CNS  disease  has  been  under- 
recognized,  due  in  part  to  the  fact  that  classic  histopathologic 
descriptions  of  encephalitis  were  made  prior  to  the  distinction 
between  apoptotic  and  necrotic  cellular  death.  We  have  dem¬ 
onstrated  elsewhere  the  protective  effect  of  apoptotic  blockade 
in  a  murine  model  of  viral  myocarditis  [78],  and  this  study 
indicates  that  similar  intervention  may  be  may  be  useful  as  an 
adjunct  to  the  treatment  of  patients  with  acute,  but  not  remote, 
viral  CNS  infection.  Identification  of  specific  mechanisms  un¬ 
derlying  virus-induced  injury  in  human  viral  encephalitis,  in¬ 
cluding  apoptosis,  may  lead  to  improved,  novel  and/or  ad¬ 
junctive  strategies  for  the  treatment  of  this  devastating  disease. 
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Quantitative  CSF  PCR  in  Epstein-Barr 
Virus  Infections  of  the  Central 
Nervous  System 

Adriana  Weinberg,  MD/’^  Shaobing  Li,  MD,^  Megan  Palmer,  MD,^  and  Kenneth  L  Tyler,  MD^"^ 

Acute  Epstein-Barr  vims  (EBV)  infection  of  the  central  nervous  system  (CNS)  is  associated  with  meningoencephalitis  and 
other  neurological  syndromes  and  with  CNS  lymphomas  (CNSLs).  Diagnosis  is  based  on  serological  studies  and  more 
recently  on  detection  of  EBV  DNA  in  cerebrospinal  fluid  (CSF)  by  polymerase  chain  reaction  (PCR).  We  measured  EBV 
DNA  by  quantitative  PCR  and  EBV  mRNA  by  RT-PCR  in  the  CSF  in  patients  with  EBV>associated  neurological  dis¬ 
orders.  EBV  was  identified  as  the  cause  of  CNS  infection  in  28  patients:  14  with  CNSL,  10  widi  encephalitis,  and  4  with 
postinfectious  neurological  complications.  CSF  analysis  showed  that  padents  with  CNSL  had  high  EBV  load  (mean  ± 
standard  error  of  4.8  ±  0.2  log^g  DNA  copies/ml)  and  low  leukocyte  counts  (22  ±  7  cells/}Jil)i  encephalitis  was  char¬ 
acterized  by  high  EBV  load  (4.2  ±  0.3  log^g  DNA  copies/ml)  and  hig^  leukocyte  counts  (143  ±  62  cells/fxl);  and 
patients  with  postinfectious  complications  showed  low  EBV  load  (3.0  ±  0.2  logjo  DNA  copies/ml)  with  high  leukocyte 
counts  (88  ±  57  cells/|xl).  Lytic  cycle  EBV  mRNA,  a  marker  of  viral  replication,  was  identified  in  10  CSF  samples  from 
patients  with  CNSL  and  encephalitis.  These  studies  demonstrate  the  utility  of  quantitative  CSF  PCR  and  establish  the 
presence  of  lytic  cycle  EBV  mRNA  in  CSF  of  patients  with  EBV-associated  neurological  disease. 

Ann  Neurol  2002;52:543-548 


Central  nervous  system  (CNS)  complications  of 
Epstein-Barr  virus  (EBV)  infection  occur  in  1  to  18% 
of  patients  with  infectious  mononucleosis  and  include 
encephditis,  meningitis,  cerebellitis,  polyradiculomyeli- 
tis,  transverse  myelitis,  cranial  and  peripheral  neuropa¬ 
thies,  and  psychiatric  abnormalities.*"^  EBV  infections 
of  the  CNS  can  occur  in  the  absence  of  infectious 
mononucleosis.^  EBV  has  been  associated  with  cranial 
and  peripheral  neuropathies,  and  serological  evidence 
of  active  EBV  infection  has  been  reported  in  up  to 
29%  of  childhood  cases  of  Guillain— Barr6  sjmdrome 
and  19%  of  childhood  cases  of  facial  palsy.  EBV- 
associated  lymphomas  represent  another  important 
cause  of  EBV-related  CNS  disease.®"*^  These  disorders 
are  particularly  common  in  immunocompromised 
hosts  including  patients  with  acquired  immune  defi¬ 
ciency  syndrome  and  transplant  recipients. 

Until  recendy,  diagnosis  of  EBV-associated  CNS 
disease  depended  predominandy  on  demonstration  of 
the  presence  of  antibodies  in  cerebrospinal  fluid  (CISF) 
and/or  serum,  because  virus  is  only  rarely  isolated  from 
CSF.*^"*®  A  role  for  EBV  in  the  pathogenesis  of  CNS 
lymphomas  (CNSLs)  was  established  by  demonstrating 


the  presence  of  EBV  genome  and/or  antigen  in  tumor 
cells  using  in  situ  hybridization  or  immunohistochem- 
istiy.®  More  recendy,  amplification  of  EBV  DNA  in 
the  CSF  by  PCR  has  become  an  important  method  for 
diagnosis  of  EBV  CNS  infections  and  CNSL.*^"^* 

In  this  study,  we  report  the  first  use  of  quantitative 
EBV  PCR  and  RT-PCR  for  a  lytic  cycle  EBV  mRNA 
in  a  large  series  of  patients  vtith  EBV  CNS  infections. 

Patients  and  Methods 

Study  Design  and  Definitions 

•  CSF  specimens  containing  EBV  DNA  detected  by  PCR  were 
identified  in  the  Diagnostic  Virology  Laboratory  at  the  Uni¬ 
versity  of  Colorado  Health  Sciences  Center  between  October 
1995  and  March  2001.  Clinical,  laboratory,  and  follow-up 
information  was  obtained  through  a  questionnaire  submitted 
to  the  attending  physician  and/or  neurology  consultant,  and 
from  medical  records  review.  Patients  were  grouped  into  the 
following  diagnostic  categories:  (1)  CNSL,  defined  by  typical 
histopathology  or  by  a  typical  radiographic  exam  and  consis¬ 
tent  clinical  presentation  in  the  absence  of  an  alternate  diag¬ 
nosis;  (2)  encephalitis,  defined  by  the  presence  of  fever,  al¬ 
tered  mental  status,  and  focal  neurological  signs  or  symptoms 
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indicative  of  parenchymal  brain  involvement,  in  the  absence 
of  other  potential  pathogenic  agents;  and  (3)  postinfectious 
complications,  including  cases  of  Guillain-Barr6  syndrome, 
acute  demyelinating  encephalitis,  transverse  myelitis,  and 
polyradiculomyelitis,  after  acute  EBV  infection. 

Qualitative  Epstein-Barr  Virus  Polymerase 
Chain  Reaction 

Qualitative  EBV  PCR  was  performed  as  previously  de¬ 
scribed^*  using  duplicates  of  CSF  aliquots  stored  at 
*“70®C.  Each  assay  included  two  negative  water  controls  and 
two  positive  controls  of  EBV-producing  B95-8  cell  culture 
supernatant.  The  tests  were  considered  valid  if  the  controls 
yielded  the  expected  results  and  if  the  replicates  were  con¬ 
cordant. 

Quantitative  Epstein-Barr  Virus  Polymerase 
Chain  Reaction 

Quantitative  EBV  PCR  was  performed  using  a  competitive 
method  adapted  from  a  previously  described  assay.^  The  in¬ 
ternal  standard  (IS)  was  synthesized  by  amplification  of  a 
304bp  fragment  in  the  EBV  region  BMLFl  3501  to  3804, 
followed  by  deletion  of  an  81bp  internal  segment.  The  re¬ 
sultant  233bp  IS  was  PCR-amplified  and  inserted  in  the  vec¬ 
tor  PCR-Script  SK+  (Stratagene,  La  Jolla,  CA).  Escherichia 
coli  XLIO-Gold  Kan  Ultracompetent  cells  (Stratagene)  trans¬ 
formed  with  the  IS-containing  plasmid  was  grown  in  Luria- 
Bertani  medium  (Gibco  BRL,  Gaithersburg,  MD)  and  se- 
leaed  with  an  ampicillin  marker.  The  plasmid  DNA  was 
purified  with  a  Qiagen  tip  500  (Qiagen,  Chatsworth,  CA) 
and  quantitated  with  a  spectrophotometer  (CECIL 
CE2401).  The  number  of  IS  copies  was  confirmed  by  coam¬ 
plification  with  known  amounts  of  EBV  B95-8  DNA  quan¬ 
titative  standards  (ABI,  Columbia,  MD).  The  PCR  products 
were  separated  by  agarose  gel  electrophoresis,  stained  with 
Vista  Green,  scanned  with  a  Storm  instrument  (Molecular 
Dynamics,  Sunnyvale,  CA),  and  quantitated  using  Image- 
Quant  software.  Using  1,000  IS  copies  per  reaaion  tube  and 
dilutions  of  the  quantitative  standards,  a  linear  relationship 
between  input  and  measured  DNA  was  identified  between 
1,000  to  1,000,000  copies  of  EBV  DNA  per  milliliter  of 
specimen.  DNA,  extracted  from  clinical  specimens,  was  co¬ 
amplified  with  1,000  copies  of  IS  per  reaction  tube,  and 
quantitated  by  Storm.  Positive  and  negative  controls  were 
run  with  each  clinical  specimen. 

RNA  Methods 

EBV  transcription  of  the  early  lytic  cycle  gene  BZLFl  was 
detected  by  RT-PCR  as  previously  described.^*^^  CSF  nu¬ 
cleic  acids,  purified  with  QIAamp  viral  RNA  mini  kit  (Qia¬ 
gen),  were  reverse  transcribed  and  amplified  using  primers 
Z1  and  Z2.  Amplicon  was  deteaed  by  Southern  blot  using 
Z2B  as  a  probe. 

The  BZLFl  target  area  was  selected  because  the  primers 
Z1  and  Z2  anneal  to  exon  1  and  exon  3,  respectively.  There¬ 
fore,  RT-PCR  typically  generates  two  bands  of  252  and 
450kb  molecular  weight,  corresponding  to  the  cDNA  and 
the  genomic  DNA,  respectively.  The  presence  of  genomic 
DNA  amplicon  was  used  as  an  internal  sensitivity  control. 
The  presence  of  both  450  and  252kb  bands  was  interpreted 


as  evidence  of  BZLFl  transcription.  The  presence  of  the 
450kb  band  in  the  absence  of  the  252  one  was  interpreted  as 
absence  of  BZLFl  transcription.  The  absence  of  both  450 
and  252kb  bands  was  interpreted  as  lack  of  homology  be¬ 
tween  the  primer  pair  and  the  clinical  strains  or  insufficient 
nucleic  acid  template  in  the  sample. 

Statistical  Analysis 

Statistical  analysis  was  performed  using  StatView  5.0.1  soft¬ 
ware  (SAS  Institute,  Cary,  NC). 

Results 

Description  of  the  Patient  Population 
Of  528  CSF  samples  tested  for  EBV  by  PCR,  39  had 
positive  results  (7.4%).  Eleven  cases  were  excluded  be¬ 
cause  other  pathogenic  agents  in  addition  to  EBV  may 
have  contributed  to  their  illnesses.  Demographic  fea¬ 
tures  of  the  28  patients  remaining  in  the  study  are 
shown  in  the  Table.  Twenty-two  patients  had  primary 
or  acquired  immunocompromising  conditions,  includ¬ 
ing  human  immimodeficiency  virus  (HIV;  n  =  16), 
solid  organ  transplantation  (n  =  5),  and  common  vari¬ 
able  immunodeficiency  (n  =  1). 

Central  Nervous  System  Lymphoma 
CNSL  was  diagnosed  in  14  patients  whose  underlying 
disorders  included  advanced  HIV  infection  (12)  and 
transplantation  (2).  The  presenting  signs  and  symp¬ 
toms  included  behavioral  changes,  seizures,  aphasia, 
motor  weakness,  sensory  abnormalities,  and  ataxia. 
Loss  of  developmental  milestones  was  seen  in  children. 
Thirteen  patients  had  computed  tomography  (CT)  or 
magnetic  resonance  imaging  studies  of  the  CNS,  which 
were  abnormal  in  all  but  one  case  patient  identifier 
([PID]  10).  PID  10  had  a  normal  noncontrast  CT  ac¬ 
companying  aphasia  and  new-onset  seizures.  An  mag¬ 
netic  resonance  imaging  was  not  performed.  This  pa¬ 
tient  had  a  lymph  node  biopsy,  which  showed  non- 
Hodgkin  lymphoma.  Single-photon  emission  CT  scans 
were  positive  in  three  cases  and  negative  in  one. 

Histopathological  diagnosis  was  made  by  brain  bi¬ 
opsy  in  three  patients.  Three  additional  patients  (PIDs 
2,  10,  and  13)  had  lymphoma  diagnosed  on  biopsies 
from  sites  other  than  CNS,  and  one  patient  had  both 
CNS  and  lymph  node  biopsy.  Only  the  pediatric  pa¬ 
tients  had  EBV-specific  serology  performed  at  CNSL 
diagnosis:  one  consistent  with  acute  infection  and  one 
with  past  infeaion. 

Laboratory  examination  of  the  CSF  (Fig)  showed 
pleocytosis  in  10  of  14  patients,  erythrocytes  in  6  cases, 
and  elevated  protein  in  all  cases.  Glucose  concentration 
was  normal  in  all  but  one  patient  who  had  23  mg/dl  of 
glucose  in  the  CSF.  The  log^o  EBV  DNA  copies  per 
milliliter  of  CSF  varied  between  3.6  and  5.8  with  a 
mean  ±  standard  error  (SE)  of  4.8  ±  0.2. 

Clinical  management  of  CNSL  patients  varied  (see 
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Tabu.  SeUcud  Clinical  and  Laboratory  Characterktia  of  Patients  with  EBV-Associated  Neurolo^al  Disorders 


PID 

Diagnosis 

Gender 

Age 

(f) 

Race 

CSF  EBV 
DNA 
(copies/ml) 

CSF  by 
the  cycle 
mRNA 

Underlying 

Conditions/ 

Treatment 

EBV-Specific 

Therapy 

Outcome 

1 

CNSL 

M 

26 

H 

4,100 

nd 

HIV/- 

— 

Fatal 

2 

CNSL'^ 

M 

32 

H 

10,000 

nd 

HIV/- 

— 

Fatal 

3 

CNSL*’ 

M 

37 

W 

15,000 

nd 

HIV/HAART 

— 

Fatal 

4 

CNSL^ 

M 

56 

H 

25.540 

+ 

HIV/HAART 

ACV 

Fatal 

5 

CNSL 

M 

38 

W 

28,000 

+ 

HIV/ART 

ACV 

Fatal 

6 

CNSL 

M 

2 

W 

50,000 

nd 

Heart  Tx/  i  IS 

GCV 

Fatal 

7 

CNSL‘’ 

M 

33 

W 

50,000 

nd 

HIV/ART 

ACV 

Fatal 

8 

CNSL’’ 

M 

65 

H 

58,700 

+ 

HIV/HAART 

Stable 

9 

CNSL 

M 

45 

H 

92,000 

nd 

HIV/- 

ACV 

Fatal 

10 

CNSL*’** 

M 

48 

W 

115,000 

+ 

HIV/HAART 

— 

Indeterminate‘S 

11 

CNSL 

M 

25 

W 

152,000 

nd 

HIV/HAART 

ACV 

Improved 

12 

CNSL 

M 

32 

W 

270,000 

+ 

HIV/ART 

ACV/GCV 

Fatal 

13 

CNSL"'** 

M 

7 

W 

298,300 

nd 

Renal  Tx/  i  IS 

— 

Improved 

14 

CNSL 

M 

38 

W 

605,000 

nd 

HIV/- 

— 

Fatal 

15 

Encephalitis 

M 

55 

W 

500 

nd 

NONE 

ACV 

Improved 

16 

Encephalitis 

M 

29 

W 

900 

nd 

HIV/HAART 

— 

Improved 

17 

Encephalitis 

F 

_ 

W 

8,000 

— 

NONE 

— 

Improved 

18 

Encephalitis 

M 

47 

W 

8,900 

nd 

HIV/HAART 

— 

Improved 

19 

Encephalitis 

M 

71 

W 

17,900 

— 

Renal  Tx/— 

— 

Improved 

20 

Encephalitis 

M 

43 

w 

29,000 

+ 

HIV/HAART 

ACV 

Improved 

21 

Encephalitis 

F 

35 

B 

40,800 

HIV/HAART 

ACV 

Improved 

22 

Encephalitis 

M 

19 

W 

64,400 

+ 

Renal  Tx/  i  IS 

FOS 

Improved 

23 

Encephalitis 

M 

18 

w 

77,000 

+ 

NONE 

ACV 

Improved 

24 

Encephalitis 

F 

58 

w 

216,000 

+ 

Renal  Tx/  i  IS 

ACV 

Improved 

25 

ADEM 

M 

2 

H 

500 

nd 

NONE 

ACV 

Fatal 

26 

TRM 

M 

7 

w 

500 

nd 

NONE 

— 

Improved 

27 

PRM^ 

F 

43 

w 

1.904 

nd 

CVID/IVIG 

GCV 

Improved 

28 

Guillain-Barr6 

M 

55 

w 

2,000 

nd 

NONE 

ACV 

Stable 

EBV  =  Epstein-Barr  virus;  CSF  =  cerebrospinal  fluid;  CNSL  =  central  nervous  system  lymphoma;  H  =  Hisp^ic;  nd  -  not  done;_  HIV  - 
human  immunodeficiency'  virus  infection;  W  =  T^ite;  HAART  =  highly  active  ART  with  three  or  more  drugs  including  a  protease  inhibitor 
or  nonnuclcosidc  analog;  ACV  =  acyclovir;  Tx  =  transplantation;  IS  =  immunosuppression;  GCV  =  ganciclovir;  ART  =  antirctro^ral 
therapy  with  one  or  more  nudeosidc  analogs;  ADEM  =  acute  dcmyelinating  encephalitis;  TRM  =  transverse  myelitis;  PRM  =  polyradicu- 
lomyelitis;  CVID  =  combined  variable  immunodeficiency;  IVIG  =  intravenous  immunoglobulin. 

“Patients  with  systemic  lymphoma  including  the  central  nervous  system. 

^Patients  treated  with  chemotherapy  and/or  radiation  therapy. 

'Outcome  indeterminate  because  of  insufficient  follow-up  (2  months). 

^A  detailed  description  of  this  case  can  be  found  in  Majid  and  colleagues,^  Case  4. 


Table).  Only  8  of  the  12  HIV-infected  patients  re¬ 
ceived  antiretroviral  therapy.  In  addition,  six  received 
anti-EBV  antivirals  and  five  were  treated  with  chemo¬ 
therapy  and/or  radiotherapy.  The  clinical  management 
of  the  two  transplant  recipients  consisted  of  decreased 
immunosuppression  and  use  of  antivirals  or  chemo¬ 
therapy.  Clinical  conditions  improved  or  remained  sta¬ 
ble  after  2  or  more  years  of  follow-up  in  two  HIV- 
infected  patients  and  one  transplant  recipient.  There 
was  no  association  between  outcome  and  EBV  viral 
load  {p  =  0.37,  unpaired  t  test). 

Epstein-Barr  Virus  Encephalitis 
There  were  10  patients  with  encephalitis  (see  Table). 
Seven  had  impaired  immunity  (four  HIV  infections 
and  three  transplantations).  Signs  and  symptoms  in¬ 
cluded  fever,  headache,  seizures,  aphasia,  localized  mus¬ 
cle  weakness,  and  numbness  or  hyperesthesia.  CT  or 


magnetic  resonance  imaging  were  abnormal  in  all  cases. 
Typical  m^netic  resonance  findings  included  single  or 
multiple  areas  of  increased  T2  signal,  often  with  gado¬ 
linium  enhancement  and  associated  edema  in  the  cere¬ 
bral  hemispheres  and  cerebellum.  One  patient,  a  renal 
graft  recipient  (PID  22)  who  developed  clinical  and  ra¬ 
diological  abnormalities  in  the  context  of  acute  EBV 
infection  by  serological  criteria  imderwent  a  brain  bi¬ 
opsy,  which  showed  areas  of  parenchymal  and  perivas¬ 
cular  inflammation  with  polyclonal  T-cell  infiltrates, 
establishing  the  diagnosis  of  encephalitis. 

The  CSF  (see  Fi^  leukocyte  counts  were  elevated  in 
all  the  patients  with  enceph^itis  and  invariably  showed 
a  predominance  of  mononuclear  cells.  Reactive  and 
atypical  lymphocytes  were  each  described  in  one  pa¬ 
tient.  Erythrocytes  were  present  in  five  cases.  The  CSF 
protein  was  elevated  and  glucose  was  normal  in  all 
cases.  The  EBV  load  in  the  CSF  varied  between  2.7 
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A  CNSL  Encephalitis  Other 


Fig.  Cerebrospinal  fluid  analysis  of  patients  toith  Epstein-Barr 
virus  (EBV)  infection  of  the  central  nervous  system  (CNS). 

Data  were  derived  from  14  patients  with  lymphoma 
(CNSL),  10  with  encephalitis,  and  4  with  postinfectious  com¬ 
plications  (other).  Leukocyte  counts  (A)  were  significantly  differ¬ 
ent  between  CNSL  and  encephalitis  patients  (p  =  0.02)  but 
not  for  any  other  group  comparisons  (p  >  0.1).  Protein  concen¬ 
trations  (B)  were  not  statistically  different  among  groups  (p  > 
0.1).  EBV  load  (C)  was  significantly  lower  in  patients  with 
postinfectious  complications  compared  with  encephalitis  or 
CNSL  (p  <  0.01).  The  difference  between  CNSL  and  enceph¬ 
alitis  did  not  quite  reach  statistical  significance  (p  =  0.07). 
WBC  =  white  blood  cell  (leukocyte) 

and  5.3  logio  DNA  copies  per  milliliter  with  mean  ± 
SE  of  4.2  ±  0.3  logio  copies  per  milliliter. 

Six  patients  received  EBV-specific  antiviral  therapy. 


The  use  of  antivirals  tended  to  be  more  common  in 
patients  with  higher  viral  loads  {p  =  0.09,  Mann- 
Whitncy  U  test).  This  suggests  an  association  between 
severity  of  disease  and  viral  load,  if  we  assume  that  the 
sicker  patients  were  more  likely  to  receive  EBV-specific 
therapy.  Among  treated  patients,  signs  of  recovery  be¬ 
gan  2  to  7  days  after  initiating  therapy.  Two  patients 
treated  with  anti-EBV  antivirals,  who  had  repeat  mea¬ 
surements  of  EBV  load  in  the  CSF  7  and  14  days  into 
therapy,  respectively,  showed  greater  than  or  equal  to  1 
logio  decreases  of  the  viral  load.  Two  HIV-infected  pa¬ 
tients  with  encephalitis  had  been  receiving  highly  active 
antiretroviral  therapy  for  4  years  when  they  developed 
EBV  encephalitis  and  two  started  highly  active  antiret¬ 
roviral  therapy  after  the  diagnosis  of  EBV  infection. 
Management  of  immunosuppressive  regimens  in  the 
three  transplant  recipients  varied.  All  patients  with 
EBV  encephalitis  improved  clinically,  regardless  of  un¬ 
derlying  conditions,  use  of  EBV-specific  antiviral  ther¬ 
apy,  or  EBV  load. 

Postinfectious  Complications 

Four  patients  experienced  postinfectious  complications, 
one  each  with  Guillain-Barr6  syndronie,  acute  demy- 
elinating  encephalitis,  polyradiculomyelitis,  or  trans¬ 
verse  myelitis  (see  Table). 

CSF  examinations  showed  elevated  leukocyte  and 
protein  in  three  cases  each,  erythrocyte  and  normal 
glucose  in  all  cases.  The  EBV  load  varied  between  2.7 
and  3.3  logio  EBV  DNA  copies  per  milliliter  (mean  ± 
SE,  3  ±  0.2  logio  DNA  copies/ml).  PIDs  25  and  26 
had  serological  evidence  of  acute  EBV  infection. 

All  patients  received  immunomodulators  (corticoste¬ 
roids  or  intravenous  immunoglobulin).  Three  patients 
also  received  antivirals.  PID  25  died  of  EBV-associated 
hemophagocytic  syndrome  soon  after  the  diagnosis  of 
acute  demyclinating  encephalitis  was  established.  The 
other  patients  improved  or  remained  stable. 

Comparative  Analysis  of  Cerebrospinal  Fluid  Finding 
in  Patients  with  Epstein-Barr  Virus-Associated 
Central  Nervous  System  Infections 
To  identify  correlations  between  CSF  abnormalities 
and  EBV-associated  neurological  disorders,  the  results 
of  EBV  quantitative  PCR,  leukocyte,  and  protein  were 
compared  among  the  three  diagnostic  categories.  EBV 
load  in  the  CSF  was  significandy  higher  in  patients 
with  CNSL  and  encephalitis  versus  postinfectious  com¬ 
plications  {p  <  0.01).  The  difference  in  EBV  load  be¬ 
tween  patients  with  CNSL  and  encephalitis  was  not 
significant,  although  patients  with  CNSL  had  fewer 
CSF  leukocyte  {p  “  0.02).  Protein  levels  were  statisti¬ 
cally  similar  among  all  groups. 

Regression  analysis  was  used  to  determine  correla¬ 
tions  of  EBV  load  in  the  CSF  with  leukocyte  counts. 
There  was  a  significant  inverse  correlation  between 
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EBV  load  and  leukoq^e  across  all  diagnostic  categories 
{p  =  0.04),  which  argues  against  the  hypothesis  that 
EBV  in  CSV  resulted  solely  from  latent  viral  DNA 
present  in  infiltrating  lymphocytes.  When  patients  with 
encephalitis  were  separately  analyzed,  the  inverse  corre¬ 
lation  between  EBV  load  and  leukocyte  almost  reached 
significance  (p  =  0.08),  suggesting  Aat  the  inflamma¬ 
tory  infiltrate  might  contribute  to  viral  clearance. 

Identification  ofmRNA  Corresponding  to  a  Lytic 
Cycle  Gene  in  the  Cerebrospinal  Fluid 
Twelve  CSF  samples  were  tested  by  RT-PCR  for  tran¬ 
scription  of  the  lytic  cycle  gene  BZLFl  (Table).  Ten 
samples,  equally  distributed  between  CNSL  and  en¬ 
cephalitis  patients,  which  contained  4.5  to  5.8  logio 
EBV  DNA  copies  per  milliliter,  showed  evidence  of 
mRNA  synthesis  indicating  active  EBV  replication  in 
the  CNS.  In  the  remaining  two  samples,  both  DNA 
and  RNA  amplification  failed,  indicating  decreased  se¬ 
quence  homology  between  the  primers  the  template 
and/or  DNA  copy  number  below  the  analytical  sensi¬ 
tivity  of  the  test. 

Discussion 

EBV  PCR  of  the  CSF  established  the  association  of 
neurological  disorders  with  EBV  in  the  absence  of 
acute  EBV  infection.  Most  descriptions  of  the  neuro¬ 
logical  complications  of  EBV  are  based  on  children 
with  acute  EBV  infection.''"^  In  contrast,  only  17%  of 
our  patients  were  children,  despite  the  fact  that  users  of 
the  laboratory  for  EBV  PCR  include  a  similar  number 
of  adult  and  pediatric  health  care  facilities.  This  pre¬ 
ponderance  of  EBV  CNS  infections  in  adults,  which 
differs  from  previous  reports,  could  be  partially  as¬ 
cribed  to  the  high  number  of  immunocompromised 
patients  in  our  study.  However,  all  three  immunocom¬ 
petent  patients  with  EBV  encephalitis  were  older  than 
18  years  of  age.  Other  investigators  have  also  recently 
described  isolated  cases  of  EBV  encephalomyelitis  in 
adults  with  serological  evidence  of  EBV  reactiva¬ 
tion.^"-^" 

CSF  analysis  showed  significant  differences  among 
diagnostic  categories  for  EBV  load  and  leukocytes.  Pa¬ 
tients  with  CNSL  had  high  CSF  EBV  load  in  the  pres¬ 
ence  of  low  leukocyte  counts.  Patients  with  encephalitis 
also  had  relatively  high  EBV  load,  but  this  was  associ¬ 
ated  with  higher  CSF  leukocytes  than  in  patients  with 
CNSL.  Patients  with  postinfectious  complications  of 
EBV  infection  had  a  low  EBV  load  associated  with  a 
relatively  high  CSF  leukocyte  count.  These  CSF  pat¬ 
terns  suggest  the  following  pathogenic  scenarios:  rapid 
cellular  and  viral  turnover  with  limited  inflammatory 
response  in  CNSL,  intense  viral  replication  and  vigor¬ 
ous  inflammation  associated  with  encephalitis,  and  low 
viral  replication  and  vigorous  inflammation  associated 
with  postinfectious  complications. 


Antivirals  active  against  EBV  were  used  in  some  pa¬ 
tients,  but  their  use  did  not  affect  the  outcome  of  the 
disease-  However,  a  selection  bias  favoring  the  use  of 
antivirals  in  the  sickest  population  might  have  oc¬ 
curred.  This  is  su^ested  by  the  feet  that,  among  pa¬ 
tients  with  encephalitis,  the  use  of  acyclovir  and  gan¬ 
ciclovir  was  more  common  in  individuals  with  high 
viral  loads.  This  observation  also  might  indicate  an  as¬ 
sociation  between  high  CSF  EBV  load  and  severity  of 
clinical  manifestations,  if  we  assume  that  physicians 
were  more  likely  to  treat  sicker  patients.  Of  note,  the 
CSF  EBV  load  decreased  in  the  two  encephalitis  pa¬ 
tients  whose  CSF  was  tested  after  7  and  14  days  of 
treatment,  respectively,  suggesting  that  the  drugs  inhib¬ 
ited  the  viral  replication. 

The  presence  of  lytic  cycle  mRNA  in  the  CSF  in  all 
10  patients  in  whom  this  could  be  analyzed  indicated 
that  EBV  was  actively  replicating  in  the  CNS.  This  re¬ 
sult  is  consistent  with  a  lack  of  correlation  between 
CSF  EBV  viral  load  and  CSF  leukocyte  counts,  which 
strongly  su^sts  that  the  EBV  DNA  detected  by  PCR 
was  from  actively  replicating  virus  and  not  just  latent 
EBV  DNA  carried  in  inflammatory  cells.  Actively  rep¬ 
licating  EBV  in  the  CNS  may  have  resulted  from  ei¬ 
ther  de  novo  infection  or  reactivation  of  latent  virus. 
Because  EBV  does  not  become  latent  in  neurons  or 
other  nonlymphoid  cells,  if  CNS  infection  follows 
EBV  reactivation,  it  is  likely  that  this  occurs  at  extra- 
neural  sites  with  subsequent  spread  of  virus  to  CNS  by 
infeaed  lymphocytes. 

It  has  been  su^ested  previously  that  EBV  encephalitis 
was  a  consequence  of  cytotoxic  T-lymphocyte-mediated 
tissue  destruction.^"  In  this  series,  two  patients  with 
encephalitis  had  CSF  atypical  lymphocytes,  consistent 
with  cytotoxic  T  lymphocytes.  Furthermore,  EBV  load 
decreased  with  higher  leukocyte  counts,  suggesting  a 
role  of  the  inflammatory  cells  in  viral  clearance.  These 
data  taken  collectively  indicate  that  patients  with  severe 
EBV  encephalitis  might  benefit  from  combined  antivi¬ 
ral  and  T-cell  immunosuppressive  therapy. 
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from  the  Department  of  Defense  (DAMD  17-98-1-8614),  Depart¬ 
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Reovirus-induced  neuronal  apoptosis  is  mediated 
by  caspase  3  and  is  associated  with  the  activation 
of  death  receptors 
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Reovirus  infection  of  the  central  nervous  system  (CNS)  is  an  important  exper¬ 
imental  system  for  understanding  the  pathogenesis  of  neurotropic  viral  infec¬ 
tion.  Infection  of  neonatal  mice  with  T3  reoviruses  causes  lethal  encephalitis 
in  which  injury  results  finm  virus-induced  apoptosis.  We  now  show  that  this 
apoptosis  in  vivo  is  associated  with  activation  of  caspase  3,  and  use  neuroblas¬ 
toma  and  primary  neuronal  cultures  to  identify  the  cellular  pathways  involved. 
Reovirus-induced  apoptosis  in  neuronal  cultures  is  initiated  by  activation  of 
the  tumor  necrosis  factor  (TNF)  receptor  superfamily  death  receptors  and  is 
inhibited  by  treatment  with  soluble  death  receptors  (DRs).  The  DR-associated 
initiator  caspase,  caspase  8,  is  activated  following  infection,  this  activation  is 
inhibited  by  a  cell-permeable  peptide  inhibitor  (lETD-CHO).  In  contrast  to  our 
previous  findings  in  non-neuronal  cell  lines,  reovirus-induced  neuronal  apop¬ 
tosis  is  not  accompanied  by  significant  release  of  c3rtochrome  c  from  the  mito¬ 
chondria  or  with  caspase  9  activation  following  ruction.  This  suggests  that 
in  neuronal  cells,  imlilcp  their  non-neuronal  counterparts,  the  mitochondria- 
mediated  apoptotic  pathway  associated  with  C3rtochrome  c  release  and  caspase 
9  activation  does  not  play  a  significant  role  in  augmenting  reovirus-induced 
apoptosis.  Consistent  with  these  results,  peptide  caspase  iidiibitors  show  a  hi¬ 
erarchy  of  efficacy  in  inhibiting  reovirus-induced  apoptosis,  with  inhibitors  of 
caspase  3  >  caspase  8  »>  caspase  9.  These  stuffies  provide  a  comprehen¬ 
sive  profile  of  the  pattern  of  virus-induced  apoptotic  pathway  activation  in 
neuronal  culture. /ournoi  of  NeuroVirology  {2002)  8,  365-380. 
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Viruses  cause  disease  by  injuring  or  killing  discrete 
populations  of  cells  in  host  organs.  Cell  loss  or  dam¬ 
age  is  particularly  detrimental  in  tissues  with  limited 
ability  to  regenerate,  such  as  the  mature  central  ner¬ 
vous  system  (CNS).  In  cell  culture,  many  neurotropic 
viruses  have  the  capacity  to  kill  target  cells,  includ¬ 
ing  neurons,  by  inducing  apoptosis.  A  small  group  of 
viruses,  including  human  immunodeficiency  virus 
(HIV)  (Petito  et  al,  1999),  Dengue  (Despres  et  al, 
1996),  Sindbis  (Nava  et  al,  1998;  Jan  and  Griffin, 
1999),  Theiler’s  (Jelachich  and  Lipton,  2001),  rabies 
(Jackson  and  Rossiter,  1997a),  and  reovirus 
(Oberhaus  et  al,  1997),  have  been  shown  to  in¬ 
duce  apoptosis  in  experimental  or  natural  models 
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of  encephalitis  in  vivo.  Despite  the  importance  of 
apoptosis  as  a  mechanism  of  virus-induced  cell 
death,  little  is  known  about  the  nature  of  apoptotic 
signaling  pathways  activated  during  nemrotropic 
viral  infection.  Identifying  mechanisms  of  virus- 
induced  apoptosis  is  critical  not  only  to  understand¬ 
ing  the  pathogenesis  of  CNS  viral  infections  but  may 
also  be  relevant  to  neurodegenerative  and  other  neu¬ 
rological  diseases  in  which  apoptosis  contributes  to 
nemonal  loss  (Allsopp  and  Fazakerley,  2000;  Honig 
and  Rosenberg,  2000;  Mattson,  2000;  Raghupathi 
et  al,  2000;  Yuan  and  Yankner,  2000). 

Apoptosis  is  a  distinct  form  of  cell  death  in 
which  affected  cells  undergo  characteristic  morpho¬ 
logical  and  biochemical  changes,  including  cyto¬ 
plasmic  shrinkage,  condensation  and  fragmentation 
of  nuclear  chromatin,  membrane  alterations,  and 
changes  in  gene  and  protein  expression  (Reed,  2000; 
Hengartner,  2000).  Most  forms  of  apoptosis  are  asso¬ 
ciated  with  sequential  activation  of  cysteine-aspartyl 
proteases  (caspases)  by  extracellular  and/or  intracel¬ 
lular  stimuli,  ultimately  causing  cleavage  of  cellu¬ 
lar  substrates,  including  laminins,  poly-ADP-ribose 
polymerase  (PARP),  and  DNA  ^unez  et  al,  1998; 
Eamshaw  et  al,  1999).  Caspase  activation  has  been 
implicated  in  neuron^  apoptosis  induced  by  diverse 
stimuli,  including  potassium  deprivation  (D’Mello 
etal,  2000),  N-mefliyl-D-aspartate  (NMDA)  excitotox- 
icity  (Ma  et  al,  1998;  Budd  and  Lipton,  1999),  and 
ischemic  insults  (Chien  et  al,  2000;  Rentsch  et  al, 
2001;  Velier  etal,  1999). 

Experimental  infection  with  mammalian  re- 
oviruses  has  provided  a  classic  model  for  studying 
the  pathogenesis  of  viral  infection  in  vivo  and  virus- 
cell  interactions  in  vitro  Cfyler,  2001).  Reoviruses  in¬ 
duce  apoptosis  in  a  variety  of  cells  in  culture,  includ¬ 
ing  fibroblasts,  kidney  cells,  cardiac  myocytes,  and 
cells  derived  from  a  variety  of  human  cancers.  Our 
laboratory  has  shown  that  reovirus-induced  apop¬ 
tosis  of  imdifferentiated  epithelial  and  cancer  cells 
is  initiated  by  death  receptor  (DR)  activation  and 
involves  sequential  activation  of  caspase  cascades, 
starting  with  the  DR-associated  initiator  caspase,  cas¬ 
pase  8  (Clarke  et  al,  2000, 2001).  Caspase  8  activation 
leads  to  the  cleavage  of  the  Bcl-2  family  protein  Bid, 
which  translocates  to  the  mitochondrion  where  it  fa¬ 
cilitates  release  of  apoptosis-inducing  factors  includ¬ 
ing  cytochrome  c  (Kominsky,  2002).  Once  in  the  cy¬ 
toplasm,  c3rtochrome  c  forms  part  of  the  apoptosome 
complex  that  leads  to  the  activation  of  caspase  9  (Li 
etal,  1997).  Caspases  8  and  9  contribute  to  &e  activa¬ 
tion  of  effector  caspases,  notably  caspase  3,  which  act 
on  cellular  substrates,  resulting  in  the  morphological 
hallmarks  of  apoptosis. 

Although  reovirus  can  induce  apoptosis  in  neurons 
in  vivo  (Oberhaus  et  at,  1997),  studies  of  the  cellu¬ 
lar  pathways  involved  in  reovirus-induced  apopto¬ 
sis  have  been  limited  to  non-neuronal  cell  lines.  We 
now  show  that  reovirus-induced  apoptosis  in  neu¬ 
rons  in  vivo  involves  activation  of  the  effector  cas¬ 


pase,  caspase  3,  and  use  both  neuroblastoma-derived 
cell  lines  and  primary  cultures  of  terminally  dif¬ 
ferentiated  neurons  to  investigate  cellular  pathways 
leading  to  this  activation. 

Results 

Reovirus-induced  apoptosis  in  the  neonatal  mouse 
brain  is  associated  with  caspase  3  activation 
We  have  previously  shown  Aat  type  3  reovirus  strain 
Dearing  (T3D)-induced  encephalitis  in  neonatal  mice 
is  associated  with  apoptosis  in  the  CNS  (Oberhaus 
et  al,  1997).  To  better  understand  the  mechanisms  by 
which  this  occiu’s,  we  looked  for  activation  of  cas¬ 
pase  3,  a  key  effector  caspase  that  is  activated  in 
many  forms  of  apoptosis.  Activated  caspase  3  was 
detected  by  immunohistochemistry  in  mouse  brain 
tissue  at  day  7  post  infection  and  correlated  with 
distribution  of  viral  antigen  and  Terminal  deoxynu- 
cleotidyl  transferase  (TdT)-mediated  dUTP  Nick-End 
Labeling  (TUNEL)  staining  on  serial  tissue  sections. 
We  found  that  activated  caspase  3  staining  colocal¬ 
ized  to  regions  of  mouse  brain  also  containing  vi¬ 
ral  antigen  and  apoptotic  cells  (TUNEL  positive), 
including  the  cmgulate  cortex,  hippocampus,  and 
thalamus  (Figure  1).  Having  shown  that  reovirus- 
induced  neuronal  apoptosis  involved  caspase  acti¬ 
vation  in  vivo,  we  next  used  neuronal  cultures;, to 
investigate  the  cellular  pathways  involved  in  vitro. 

Reovirus  induces  apoptosis  in  mouse 
neuroblastoma-derived  cells  and  mouse 
primary  cortical  cultures 

Major  morphological  features  of  apoptosis  include 
modification  of  fire  plasma  membrane,  compaction 
and  margination  of  nuclear  chromatin,  and  oligonu- 
cleosomal  DNA  fragmentation.  We  looked  for  evi¬ 
dence  of  these  apoptotic  features  in  reovirus-infected 
mouse  neuroblastoma-derived  cell  line  NB41a3 
(NB4)  and  in  primary  mouse  cortical  cultures  derived 
from  embryonic  (E20)  mice  (MCC).  TYanslocation  of 
phosphatidylserine  (PS)  from  the  inner  to  the  outer 
leaflet  of  the  plasma  membrane  is  an  early  morpho¬ 
logical  feature  of  apoptosis  that  can  be  detected  by 
annexin  V  staining  (Marlin  et  al,  1995).  We  detected 
PS  translocation  (annexin  V  labeling)  in  T3D-infected 
NB4  as  early  as  6  h  following  infection.  By  10  h  po,?t 
infection,  there  was  a  significant  (P  <  .001)  increase 
in  annexin  V  labeling  in  T3D-infected  cells  (53^^i: 
3%)  as  compared  to  mock  (15%  ±  1%)  (Figure  2A). 
Propidimn  iodide  (PI),  which  can  only  enter  cejls 
with  compromised  plasma  membranes,  was  used  as 
a  second  label  in  the  annexin  V  assay,  staining  late 
apoptotic  cells  (also  annexin  V  positive)  and  necrotic 
cells  (only  PI  positive).  Cells  were  treated  with  30% 
ethanol  for  1  h  prior  to  the  annexin  V  assay  to  gener¬ 
ate  necrotic  cells  as  a  negative  control.  In  contrast  to 
virus-infected  cells,  these  necrotic  (only  Pl-positive) 
cells  did  not  show  annexin  V  labeling  (5%  ±  1%). 
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Figure  1  Coronal  sections  of  neonatal  mouse  brain  7  days  after  intracranial  inoculation  of  10,000  PFU  of  strain  T3D  reovirus  or  mock 
inoculation  (ei^t  mice  per  treatment  group).  Hematoxylin  and  eosin— stained  tissue  reveals  marked  destruction  of  brain  tissue  in  the 
T3D  infected  brain  (B)  as  compared  to  the  uninfected  brain  (A).  Using  immunohistochemistry,  serial  sections  of  T3D-infected  brain  tissue 
were  stained  for  viral  antigen  (C),  TUNEL/apoptosis  marker  (D),  and  active  caspase  3  (E).  Staining  for  viral  antigen,  TUNEL,  and  active 
caspase  3  was  imdetectable  in  the  mock-infected  brains  (data  not  shown). 


These  results  were  confirmed  by  finding  changes 
in  nuclear  structure  characteristic  of  apoptosis, 
including  chromatin  condensation  and  margination 
in  cells  stained  by  the  fluorescent  nuclear  dye, 
Hoechst  33342  (Figure  2B).  Proapoptotic  signal  trans¬ 
duction  leads  to  activation  of  a  caspase-activated 
endonuclease  that  cleaves  DNA  at  internucleoso- 
mal  points  (located  at  ~180-bp  intervals)  and  ex¬ 
poses  3'  OH  ends  normally  bound  by  nuclear  pro¬ 
teins.  These  two  features  of  apoptosis  were  detected 
by  DNA  ladder  assay  and  TUNEL  (Gavrieli  et  al, 
1992),  respectively.  Apoptotic  DNA  fragmentation 
detected  by  DNA  ladder  assay  was  present  in  T3D- 
infected  NB4  and  MCC  (Figure  2C).  There  was  sig¬ 
nificantly  greater  levels  of  free  3'  OH  ends  detected 
by  TUNEL  in  T3D-infected  NB4  and  MCC  as  com¬ 
pared  to  mock  infected  cells  at  48  h  post  infection 
(Figure  2D).  As  an  additional  control,  we  also  infected 
the  neuronal  cultures  with  type  1  reovirus  strain 
Lang  (TIL),  a  reovirus  strain  that  induces  signifi¬ 
cantly  less  apoptosis  than  T3D  in  non-neiuonal  cell 
cultures  (lyler  etal,  1995).  The  percentage  of  TUNEL- 


positive  cells  in  TlL-infected  neuronal  cultures 
was  similar  to  that  in  mock-infected  cultiures  (see 
Figure  2D). 

Reovirus-induced  neuronal  apoptosis  requires  viral 
binding  at  host  cell  receptors  ; 

In  order  to  insure  that  apoptosis  seen  in  reovfriis- 
infected  neuronal  cultures  occiured  as  a  direidt 
consequence  of  viral  binding,  we  tested  whether  a 
monoclonal  antibody  (9BG5,  hereafter  “anti-T3Q’’1) 
specific  for  the  T3D  al  viral  attachment  protein 
would  inhibit  virus-induced  apoptosis.  Anti-T3D  has 
been  shown  to  protect  neonatal  mice  from  T3D- 
induced  neuronal  injury  (Virgin  et  al,  1988;  lyler 
et  al,  1989),  and  inhiliits  apoptosis  in  non-neuronal 
cultures  in  vitro  (lyier  et  al,  1995;  Oberhaus  et  al, 
1997).  T3D  inoculum  was  preincubated  (1  h)  with 
either  anti-T3D  or  an  isotype-matched  control  anti¬ 
body  specific  for  the  TIL  al  protein  (5C6)  (Virgin 
et  al,  1988;  Tyler  et  al,  1989)  prior  to  infection  of 
neuronal  cultvues.  Nuclear  morphology  assays  and 
TUNEL  were  performed  at  48  h  post  infection  to 
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Figure  2  (A)  Scatter  plots  representing  flow  cytometric  analysis 
of  mock  (M)-infected,  T3D-infected,  and  ethanol  (ETOH)-treated 
moiise  NB41a3  neuroblastoma  cells  (NB4),  stained  with  annexin 
V-FTTC  and  propidium  iodide  at  10  h  post  infection  generated  fol¬ 
lowing  flow  c3^ometry.  Annexin  V-FITC  fluorescence  intensity  is 
on  the  X  axis  (FLl  channel]  and  propidium  iodide  fluorescence  is 
on  the  y  axis  (FL3  channel).  (B)  Percent  apoptosis  in  M-  and  T3D- 
infected  NB4  and  mouse  primary  cortical  cultures  (MCC)  at  24  and 
48  h  post  infection.  Data  are  presented  as  mean  ±  standard  error  of 
three  to  four  experiments  with  300  cells  coimted  per  condition  per 
experiment,  *P  <  .001  for  M  versus  T3D  at  both  24  and  48  h  post 
infection  by  'Rikey-Kramer  multiple-comparison  test.  PI  =  post 
infection.  (C)  By  48  h  PI,  T3D  infection-induced  oligonucleoso- 
mal  DNA  fragmentation  ('ladders”)  in  NB4  and  MCC.  (D)  The  per¬ 
centage  of  TUNEL-positive  NB4  and  MCC  following  M  infection, 
T3D  infection,  and  TlL  infection.  Data  are  presented  as  mean  ± 
standard  error  of  six  experiments  with  300  ceUs  counted  per  con¬ 
dition  per  experiment,  *P  <  .001  for  M  versus  T3D  and T3I)  versus 
TlL  by  Hikey-Kramer  multiple-comparison  test. 

) 
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Figure  3  Effects  of  incubating  T3D  with  monoclonal  antibody 
(anti-T3D)  specific  for  the  T3D  viral  attachment  protein  or  wjth 
an  isotype-matched  control  antibody  (anti-TlL)  specific  for  the 
TlL  viral  attachment  protein  prior  to  infection  of  mouse  neurob¬ 
lastoma  cells  (NB4)  and  mouse  primary  cortical  cultures  (MCC). 
These  are  compared  with  T3D-  and  mock-infected  NB4  and  MCC. 
Data  are  percentage  TUNEL-positive  cells  in  each  treatment.  Data 
are  presented  as  mean  ±  standard  error  of  three  experiments  with 
300  cells  counted  per  condition  per  experiment,  *P  <  .001  for  anti- 
T3D  -h  T3D  versus  anti-TiL  -H  T3D  and  anti-T3D  T3D  versus  T3D 
by  Hikey-Kramer  multiple-comparison  test. 


determine  percentage  of  apoptotic  cells  present  in 
each  sample,  'hreatment  of  T3D  with  anti-T3D  hut 
not  with  control  anti-TlL  significantly  inhibited 
reovirus-induced  apoptosis  in  both  types  of  neuronal 
culture  (Figure  3). 

Reovirus  induces  both  direct  and 
bystander  apoptosis 

Reovirus  encephalitis  is  associated  with  both  di¬ 
rect  and  “bystander”  apoptosis  as  indicated  .ttjjiy 
many  cells  in  T3D-infected  mouse  cortex  dual  ilan 
beled  for  reovirus  antigen  and  apoptosis  and  fe#lr 
cells  positive  for  apoptosis  marker  alone  (Oberhaus 
et  al,  1997)  (Figure  4A).  In  order  to  determine 
if  both  these  mechanisms  of  apoptosis  also  oc¬ 
curred  in  neuronal  cultmes,  we  performed  dual 
labeling  by  immimocytochemistry  and  TUNEL  to 
determine  whether  cells  infected  with  T3D  were 
also  undergoing  apoptosis.  We  found  that  although 
the  great  majority  of  cells  were  undergoing  apop¬ 
tosis,  there  was  a  subset  of  apoptotic  cells  that 
were  uninfected  (antigen  negative)  but  located  in 
proximity  to  virus-infected  cells.  Thus,  although 
most  apoptotic  cells  in  reovirus-infected  neuronal 
cultures  were  virus-infected,  some  cells  appeared 
to  be  undergoing  “bystander”  apoptosis  (Table  1; 
Figure  4B,C). 


Figure  4-5A 

Figure  4  (A)  A  coronal  section  of  T3D-infected  neonatal  mouse  cortex  was  triple  labeled  with  Hoechst  33342  (nuclear  dye),  TUNEL-Cy  3 
(apoptosis  marker),  and  immunohistochemistry  for  viral  antigen-FITC  (anti-T3D)  to  determine  whether  cells  positive  for  viral  antigen 
were  also  undergoing  apoptosis.  Colocalization  of  viral  antigen  and  apoptosis  was  also  detected  in  (B)  mouse  primary  cortical  cultures 
(MCC)  and  (C)  mouse  neuroblastoma  cells  (NB4)  by  triple  labeling  with  Hoechst  33342,  TUNEL-Cy3,  and  anti-T3D-FITC.  Apoptotic  cells 
that  are  not  T3D-infected  may  be  undergoing  “bystander”  apoptosis  (indicated  by  white  arrows) .  Figure  5(A)  T3D  infected  mouse  primal^ 
cortical  cultures  (MCC)  were  triple  labeled  with  Hoechst  33342,  immunocytochemistry  for  neuron  nuclear  protein-Cy3  (anti-NeuN),  arid 
immunocytochemistry  for  viral  antigen-FITC  (anti-T3D)  to  determine  if  the  T3D  infected  cells  were  nemons.  The  primary  cortical  cultufes 
are  heterogeneous  with  approximately  70%  neurons  and  30%  glia.  Neurons  (Cy3-red)  are  positive  for  NeuN  and  T3D  (FITC-green).  The 
large  nuclei  (Hoechst-blue)  of  glia  are  neither  NeuN  positive  nor  T3D  positive  (indicated  by  white  arrows). 
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Table  1  Percentage  distribution  of  apoptotic  (TUNEL  +)  and 
infected  (antigen  +)  cells  in  neuronal  cultures 


Antigen  +  Antigen  +  Antigen  -  Antigen  - 
TUNEIa-  TUNEL  TUNEL  ^  TUNEL - 


NB4* 

24  h  PP*  7%  {±  2%)  52%  (±  2%)  11%  {±  1%)  31%  (±  3%) 

48  hPI  33%  {±  2%)  38%  [±  3%)  13%  (±  2%)  16%  (±  3%) 

MCC*** 

24  hPI  6%  (db  1%)  36%  [±  4%)  11%  [±  2%)  47%  (±  4%) 

48  hPI  38%  (±  2%)  26%  [±  3%)  12%  (±  3%)  25%  (±  3%) 


*N64  =  NB41a3;  mouse  neuroblastoma  ceU  line. 

**PI  =  post  infection. 

•**MCC  =:  mouse  primary  cortical  cultures. 

T3  reovinis  grows  in  mouse  neuroblastoma-derived 
cell  lines  and  mouse  primary  cortical  cultures  and 
infects  neurons  in  mixed  primary  cortical  cultures 
To  determine  if  T3D  infects  neurons  in  vitro  as  seen 
in  vivo,  we  used  dual  lable  immunocytocchemistry  to 
detect  neurons  (anti-neuron  nuclear  protein;  NeuN) 
and  reovirus  infected  cells  (anti-T3D)  in  mixed  (70% 
neurons,  30%  glia)  primary  cortical  cultures.  Re¬ 
ovirus  antigen  was  only  detectable  in  cells  that 
were  also  expressing  neuron  nuclear  protein,  indi¬ 
cating  that  following  infection  of  mouse  cortical  cul¬ 
tures  in  vitro,  T3D  infection  is  restricted  to  neurons 
(Figure  5  A).  Although  we  have  previously  shown  that 


reovirus-induced  apoptosis  in  non-neuronal  cells 
does  not  require  viral  replication,  and  that  differences 
in  the  capacity  of  reovirus  strains  to  induce  apoptosis 
is  not  correlated  with  their  replication  efficiency  in 
target  cells  (Rodgers  etal,  1997;  Tyler  et  al,  1995),  we 
wished  to  determine  whether  this  was  true  in  neu¬ 
ronal  cultures.  We  assessed  viral  yield  by  plaque  as¬ 
say  following  infection  with  T3D  in  NB4  and  MCC. 
T3D  grows  in  both  types  of  neuronal  culture.  TIL 
grows  to  a  significantly  lower  titer  in  NB4  as  com¬ 
pared  to  T3D  infected  cells  and  does  not  grow  in  MCC 
(Figure  5B). 

Reovirus-induced  apoptosis  in  neuronal  cultures  is 
mediated  by  caspase  3  and  caspase  inhibition 
protects  neurons  from  apoptosis 
Many  proapoptotic  signaling  pathways  involve  ab- 
tivation  of  caspase  cascades  that  originate  with 
pathway-specific  initiator  caspases  (e.g.,  caspases  8 
and  9)  and  converge  on  common  downstream  effec¬ 
tor  caspases  (e.g.,  caspase  3).  Having  shown  that  cas¬ 
pase  3  was  activated  in  the  brains  of  T3D-infected 
neonatal  mice,  we  wished  to  determine  whether  it 
was  also  activated  in  T3D-infected  neuronal  cul¬ 
tures.  We  first  looked  for  caspase  3  activation  in  NB4 
using  a  fluorogenic  caspase  substrate  assay.  Cell 
lysate  was  mixed  with  DEVD-AFC,  a  fluorogenic 
substrate  that  binds  active  caspase  3,  allowing  its 


5B. 


■T3D  EUtil 


Figure  5  (B)  One  step  growth  curves  were  performed  for  both  T3D  and  TlL  in  mouse  neuroblastoma  cells  (NB4)  and  mouse  prim^ 
cortical  cultures  (MCC).  The  data  are  represented  as  mean  viral  yield  (loglO  PFU/ml)  ±  standard  error  obtained  at  the  designated  timepoint 
after  an  initial  exposirre  to  viral  inoculum  at  time  0  (*P  <  0.01  and  **P  <  0.001  by  'Uikey-Kramer  multiple  comparisons  test). 
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detection  by  fluoremetry.  We  detected  significantly 
greater  levels  of  active  caspase  3  in  T3D-infected  NB4 
as  compared  with  mock-infected  cells  by  24  h  post 
infection  (Figure  6A).  We  next  performed  immuno- 
cytochemistry  to  detect  the  active  caspase  3  fragment 
in  T3D-infected  NB4  and  MCC  at  24  h  post  infec¬ 
tion.  In  both  types  of  neuronal  culture,  T3D  infection 
significantly  increased  the  number  of  cells  positive 
for  active  caspase  3  as  compared  to  mock-infected 
cells  (Figure  6B).  Lastly,  we  wished  to  understand 
whether  inhibition  of  caspase  3  activity  could  pro¬ 
tect  neuronal  cultures  from  T3D-induced  apoptosis. 
NB4  and  MCC  were  treated  with  the  cell-permeable 
caspase  3  inhibitor,  DEVD-FMK,  for  1  h  prior  to  in¬ 
fection  with  T3D  and  throughout  the  infection.  At 
48  h  post  infection,  TUNEL  or  apoptotic  morphology 
assay  was  performed.  We  found  that  caspase  3  in¬ 
hibition  protected  NB4  and  MCC  from  T3D-induced 
neuronal  apoptosis  (Figure  6C). 

Reovirus-induced  apoptosis  in  neuronal  cultures  is 
associated  with  activation  of  caspase  6  and  death 
receptors  of  the  TNF  receptor  supeifamily 
Having  established  that  reovirus-induced  apoptosis 
was  associated  with  activation  of  the  downstream  ef¬ 
fector  caspase,  caspase  3,  we  next  wished  to  deter¬ 
mine  which  upstream  caspases  were  involved  in  ini¬ 
tiating  this  process.  Having  previously  shown  that 
caspase  8  activation  is  an  early  event  in  reovirus- 
induced  apoptosis  in  non-nemonal  cells,  we  looked 
for  the  presence  of  caspase  8  activation  that  preceded 
caspase  3  activation  in  NB4  (Clarke  et  al,  2001).  Us¬ 
ing  a  cell-free  fluorogenic  substrate  assay  for  detect¬ 
ing  active  caspase  8,  we  found  that  caspase  8  was 
active  in  T3D-infected  NB4  by  20  h  post  infection 
(Figure  7A).  We  also  performed  Western  blot  analysis 
to  detect  antibody  of  caspase  8  in  whole  cell  lysates 
from  infected  NB4.  This  showed  the  presence  of  cas¬ 
pase  8  cleavage  products,  indicative  of  caspase  8  ac¬ 
tivation  at  *^20  h  post  infection  (Figure  7B).  Further¬ 
more,  we  used  immunocytochemistry  to  detect  active 
caspase  8  in  T3D-infected  MCC  at  20  h  post  infection 
(Figure  7B). 

Having  shown  that  caspase  8  was  activated  in 
reovirus-infected  neuronal  cultures,  we  wished  to 
determine  whether  inhibition  of  this  activity  could 
protect  neuronal  cultures  from  reovirus-induced 
apoptosis.  We  pretreated  NB4  and  MCC  with  the  cell- 
permeable  caspase  8  inhibitor  lETD-CHO  (EETD)  or 
the  caspase  9  inhibitor  Z-LEHD-FMK  (LEHD)  1  h 
prior  to  and  during  T3D  infection,  then  assayed  apop¬ 
tosis  by  TUNEL  staining  at  48  h  post  infection.  In 
T3D-infected  NB4  and  MCC  (MCC  data  not  shown), 
inhibition  of  caspase  8  activity,  but  not  inhibition 
of  caspase  9  activity,  significanfiy  decreased  the  per¬ 
centage  of  TUNEL-positive  NB4  (Figiure  7D).  We  next 
assayed  cells  treated  with  lETD  to  determine  whether 
inhibition  of  caspase  8  activation  was  associated  with 
inhibition  of  effector  caspase  activation.  lETD  did  not 
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Figure  6  (A)  Caspase  3  activity  is  increased  in  T3D-infected 
mouse  neuroblastoma  cells  (NB4)  as  compared  to  mock  infected 
cells  at  24  h  post  infection.  Data  are  raw  fluorescent  values  obtaine  d 
at  405  nm  excitation  and  500  nm  emission.  Data  are  mean  raw  fluo* 
rescence  ±  SEM  [*P  <  .01  by  'Mcey-Kramer  multiple-comparison 
test).  (B)  Immunocytochemistry  was  performed  on  mouse  primary 
cortical  cultures  (MCC)  and  NB4  at  24  h  post  infection  (PI)  to  de¬ 
tect  the  presence  of  active  caspase  3  (anti-active  caspase  3).  Ac¬ 
tive  caspase  3  is  detectable  in  T3D-infected  neuronal  cultures  but 
not  in  mock  infected  neuronal  cultures.  Cells  were  counterstaihed 
with  Blue  Counterstain.  (C)  The  effect  of  inhibition  by  specific 
cell-permeable  peptide  inhibitor  of  caspase  3,  DEVD-CHO  (DEW) 
on  T3D-induced  apoptosis  in  NB4  and  MCC.  Data  are  percent¬ 
age  of  TUNEL-positive  cells  in  NB4  or  percentage  apoptotic  cells 
in  MCC  cells  in  each  treatment.  Data  are  presented  as  mean  ± 
standard  error  of  six  experiments  with  300  cells  counted  per  con¬ 
dition  per  experiment,*  P  <  .001  for  M  versus  T3D  and  T3D  versus 
T3D-DEVD  by  T\ikey-Kramer  multiple-comparison  test. 
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Figure  7  (A)  Caspase  8  activity  is  increased  in  T3D-infected  mouse  neuroblastoma  cells  (NB4)  as  compared  to  mock-infected  cells  at  20 
and  24  h  post  infection.  Data  are  raw  fluorescent  values  obtained  at  405  nm  excitation  and  500  mn  emission.  Data  are  mean  fluorescence  ± 
SEM(*P  <  .01  by  Tukey-Kramer  multiple-comparison  test).  (B)  Active  caspase  8  (40-kDa  cleavage  fragment  of  pro-caspase  8)  is  increased 
in  T3D-infected  NB4  as  compared  to  mock  infected  NB4  by  20  b  post  infection  (PI)  as  detected  by  Western  blot  analysis.  Protein  loading 
was  normalized  by  Western  blot  detection  of  actin  levels.  (C)  Active  caspase  8  is  detectable  in  T3D-infected  mouse  primary  cortic^ 
cultures  (MCC)  at  20  h  PI  by  immunocytochemistry.  (D)  The  effect  of  inhibition  by  specific  cell-permeable  peptide  inhibitors  of  caspase  8, 
lETD-CHO  (lETO)  and  caspase  9,  Z-LEHD-FMK  (LJEHD),  on  T3D-induced  apoptosis  in  NB4.  Data  are  percentage  of  TUNEL-positive  cells 
in  each  treatment  at  48  h  PI.  Data  are  presented  as  mean  ±  standard  error  of  six  experiments  with  300  cells  counted  per  condition  per 
experiment,  ’P  <  .001  T3D  versus  T3D  -I-  lETD  by  Tukey-Kramer  multiple-comparison  test.  At  24  h  PI,  caspase  3  activity  was  decreased 
in  T3D-infected  NB4  treated  with  either  the  caspase  8  inhibitor,  DSTD-CHO  (lETD),  or  the  caspase  3  inhibitor,  DEVD-CHO  (DEVD),  as 
compared  to  untreated  T3D-infected  NB4.  Data  are  raw  fluorescent  values  obtained  at  405  nm  excitation  and  500  nm  emission.  Data  are 
mean  raw  fluorescence  ±  SEM  (•  P  <  .01  for  T3D  versus  T3D  -I-  lETD,  T3D  versus  DEVD  by  Tlikey-Kramer  multiple-comparison  test). 
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directly  inhibit  caspase  3  activity  at  the  concentra¬ 
tions  tested  (data  not  shown).  Caspase  3  activity  was 
measured  in  reovirus-infected  lETD-treated  cultures 
by  fluorogenic  substrate  assay.  We  foimd  that  caspase 
3  activity  was  significantly  decreased  by  treatment 
of  T3D-infected  NB4  with  lETD,  suggesting  that  in 
T3D-induced  neuronal  apoptosis,  caspase  3  activity 
was  at  least  in  part  mediated  by  active  caspase  8 
(Figure  7D). 

Caspase  8  is  a  DR-associated  initiator  caspase. 
The  presence  of  active  caspase  8  in  T3D-mfected 
neuronal  cultiures,  and  the  inhibition  of  reovirus- 
induced  apoptosis  by  caspase  8  inhibitor,  suggested 
that  reovirus-induced  neuronal  apoptosis  was  me¬ 
diated  by  activation  of  DRs.  "nimor  necrosis  fector 
(TNF)  receptor  superfamily  DRs  are  transmembrane 
proteins  activated  by  death-inducing  ligands,  includ¬ 
ing  TNFa,  TNF-related  apoptosis-inducing  ligand 
(TRAIL),  and  Fas  ligand  (FasL)  (Ashkenazi  and  Dbdt, 
1998).  To  test  whether  reovirus  activates  DR  signal¬ 
ing  in  neuronal  cultiures,  we  treated  T3D-infected 
NB4  and  MCC  with  several  different  soluble  recom¬ 
binant  death  receptors  (Fc:DR5/TRAIL-R2,  Fc:TNFR- 
1,  Fc:CD95/FASR),  and  assayed  apoptosis  by  TUNEL 
staining  at  48  h  post  infection.  In  T3D-infected  NB4, 
we  found  that  treatment  with  either  Fc:DR5/TRAIL- 
R2  or  Fc:TNFR-l  significantly  decreased  the  per¬ 
centage  of  TUNEL-positive  cells.  Treatment  of  T3D- 
infected  NB4  with  Fc:CD95/FASR  had  no  effect  on 
T3D-induced  apoptosis  (Table  2).  In  T3D-infected 
MCC,  we  found  that  treatment  with  either  Fc:TNFR- 
1  or  Fc:CD95/FASR  significantly  decreased  the  per¬ 
centage  of  TUNEL-positive  cells.  T'eatment  of  T3D- 
infected  MCC  with  Fc:DR5/TRAIL-R2  had  no  effect 
on  T3D-induced  apoptosis  (see  Table  2).  These  results 
indicate  that  DRs  play  a  key  role  in  reovirus-induced 
neuronal  apoptosis. 

Mitochondria-associated  proapoptotic  signaling 
mediated  by  cytochrome  c  and  caspase  9  is  not 
a  major  factor  in  reovirus-induced  apoptosis 
in  neuronal  cultures 

We  have  recently  shown  that  reovirus-induced 
DR-initiated  apoptosis  of  HEK293  cells  is  ampli¬ 
fied  by  mitochondria-associated  apoptotic  signal¬ 
ing,  as  indicated  by  robust  release  of  cytochrome  c 
from  the  mitochondria  and  activation  of  caspase  9 


Table  2  Percent  inhibition  of  T3D-induced  apoptosis  in  neuronal 
cultures  by  soluble  death  receptors 


Fc:Receptor 

Fc:DR5 

Fc:TNFR 

FcF’ASR 

NB4* 

23%  (±  4%) 

22%  (±  4%) 

1%  (±  5%) 

P  <  .001 

F<.01 

NS" 

MCC*** 

4%  (±  4%) 

25%  (±  6%) 

49%  (±  6%) 

NS 

P  <  .05 

P  <  .001 

*NB4  =  NB41a3;  mouse  neuroblastoma  cell  line. 
"NS  =  not  significant. 

•"MCC  =  mouse  primary  cortical  cultures. 


(Kominsky,  2002).  We  wanted  to  understand  whether 
Aere  was  similar  involvement  of  the  mitochondria 
in  reovirus-induced  apoptosis  in  neuronal  cultures. 
Using  Western  blot  analysis  of  cell  lysates  from  T3D- 
infected  NB4  separated  into  cytoplasmic  and  mem¬ 
brane/mitochondrial  fractions,  we  did  not  find  evi¬ 
dence  of  significant  release  of  cytochrome  c  in  the 
cytoplasm  (Figure  8A).  Cytosolic  c3dochrome  c  par¬ 
ticipates  in  the  apoptosome-mediated  activation  of 
caspase  9  (Li  et  al,  1997).  Small  amounts  of  active 
caspase  9  were  detectable  by  Western  blot  in  reovirus- 
infected  NB4,  but  only  at  late  times  (28  to  36  h)  post 
infection,  well  after  the  peak  of  caspase  3  activa¬ 
tion  (Figure  8B).  In  T3D-infected  MCC,  there  was  no 
increase  in  cytosolic  cytochrome  c  and  active  cas¬ 
pase  9  was  not  detected  (data  not  shown).  In  con¬ 
trast  to  the  effects  seen  with  caspase  3  inhibitor  (see 
Figure  6C),  treatment  of  T3D-infected  NB4  with  cas¬ 
pase  9  inhibitor  (Z-LEHD-FMK)  did  not  inhibit  T3D- 
induced  apoptosis  (see  Figure  7D).  Taken  together, 
these  data  suggest  that  mitochondria-mediated  apop¬ 
tosis  associated  with  release  of  c3ri;ochrome  c  from 
the  mitochondria  and  activation  of  caspase  9  does  not 
significantly  contribute  to  reovirus-induced  neuronal 
apoptosis. 

Discussion 

In  this  paper,  we  show  that  T3  reovirus-induced  neu¬ 
ronal  apoptosis  in  the  neonatal  mouse  CNS  involves 
activation  of  caspase  3,  a  key  effector  downstream 
of  many  proapoptotic  signaling  molecules.  Active 
caspase  3  staining  was  found  in  brain  regions  with 
reovirus-induced  tissue  injury  and  colocalized  with 
reovirus  antigen  and  TUNEL  (apoptosis  marker).  To 
further  elucidate  the  signal  transduction  mechanisms 
by  which  reovirus  induces  apoptosis  in  neurons, 
we  investigated  reovirus-induced  neuronal  apoptosis 
in  vitro  using  neuron-derived  cell  lines  and  primary 
cultures  of  terminally  differentiated  neurons. 

T3D  kills  and  also  grows  in  mouse  neuroblastoma- 
derived  cell  line  NB41a3  (NB4)  and  mouse  primary 
cortical  cultures  derived  from  embryonic  (E20)  mice 
(MCC).  Using  a  variety  of  different  assays,  we  show 
that  T3D-induced  neuronal  cell  death  results  froih 
apoptosis  as  demonstrated  by  changes  in  the  loca¬ 
tion  of  plasma  membrane  PS  as  detected  by  annexin  g 
staining,  nuclear  condensation  and/or  margination 
shown  by  nuclear  dye  assays,  and  apoptosis-speci^c 
DNA  fragmentation  as  seen  using  TUNEL  and  DNA 
laddering.  We  also  found  that  caspase  3  is  activated 
in  reovirus-infected  neuronal  cultures ,  paralleling  re¬ 
sults  seen  in  the  CNS  following  infection  in  vivo. 

Having  shown  that  caspase  3  was  activated  in 
reovirus-infected  nemonal  cultures,  we  wished  to 
determine  the  upstream  events  in  this  process. 
We  found  that  caspase  8,  a  DR-associated  initia¬ 
tor  caspase,  is  activated  in  both  NB4  and  MCC 
cultures  as  early  as  18  h  following  T3D  infection. 
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Figure  8  (A)  Rignifinant  levels  of  cytosolic  cytochrome  c  are  not  detected  in  T3D-infected  mouse  neuroblastoma  cells  (NB4)  nor  in  mock- 
infected  cells  by  Western  blot  analysis.  (B)  There  is  no  difference  in  levels  of  active  caspase  9  (40-kDa  cleavage  fragment  of  pro-caspase 
9)  between  T3D-infected  and  mock-infected  NB4  at  time  points  proceeding  caspase  3  activation  (approximately  24  h  post  infection)  as 
detected  by  Western  blot  analysis.  Protein  loading  was  normalized  by  Western  blot  detection  of  actin  levels.  PI  =  post  infection. 


Caspase  8  is  activated  by  stimulation  of  the  TNF  re¬ 
ceptor  superfamily  DRs  following  binding  of  death- 
inducing  ligands  such  as  TNFa,  TRAIL,  and  FasL 
(Ashkenazi  and  Dixit,  1998).  Caspase  8  activation  has 
been  implicated  in  apoptosis  induced  by  viruses  in¬ 
cluding  HIV  (Patel  et  al,  2000),  Epstein-Barr  virus 
(Tepper  and  Seldin,  1999),  and  Sendai  virus  (Bitzer 
et  al,  1999).  Recent  studies  from  our  laboratory 
indicate  that  in  epithelial  ceU  lines,  and  in  cer¬ 
tain  human  breast  and  lung  cancer  cell  lines,  re- 
ovirus  stimulates  TRAIL  release  from  infected  cells, 
activating  DR4/DR5  (TRAILR1/TRAILR2)  signaling 
pathways,  leading  to  caspase  8-dependent  apop¬ 
tosis  (Clarke  et  al,  2000,  2001).  Reovirus-induced 
release  of  death  ligands  such  as  TRAIL  may  be 
a  possible  mechanism  of  induction  of  “bystander” 
apoptosis,  which  has  been  seen  in  the  CMS  follow¬ 
ing  reovirus  infection  (Oberhaus  et  al,  1997),  and 
also  occurs  in  T3D-infected  neuronal  cultures  (see 
Figure  4). 


The  expression  of  DRs  and  their  role  in  apopto¬ 
sis  have  been  extensively  studied  in  both  epithelial 
and  cells  in  the  immune  system  (Dorr  et  al,  2002; 
Pettersen,  2000;  Gupta,  2000;  Strater  and  Moller, 
2000),  but  less  is  understood  about  the  role  of  DRis 
in  neuronal  apoptosis.  Similarly,  the  role  of  DRs  in 
virus-induced  apoptosis  remains  poorly  understood. 
CNS-specific  changes  in  the  expression  or  activity 
of  CD95/FASR  and  TNF  receptors  and/or  their  cor¬ 
responding  death-inducing  ligands  have  been  im¬ 
plicated  in  neuronal  apoptosis  in  vitro  (McGuire 
et  al,  2001),  as  well  as  in  a  variety  of  models 
of  both  viral  and  nonviral  apoptosis  in  vivo  (Tan 
et  al,  2001;  Rosenbaum  et  al,  2000;  Sporer  et  al, 
2000;  Jelachich  and  Lipton,  2001).  We  now  show 
that  inhibition  of  reovirus-induced  apoptosis  in  neu¬ 
ronal  cultures  is  achieved  using  Fc-coupled  solu¬ 
ble  forms  of  TNF  receptor  superfamily  DRs,  specif¬ 
ically  Fc:DR4/DR5  (TRAIL-R1/TRAIL-R2),  Fc:FASR 
(CD95),  or  Fc:TNFRl.  These  results  differ  from  those 


Reovirus-induced  neuronal  apoptosis 

SM  RIchardson-Bums  et  al 


in  non-neuronal  cells  in  which  only  Fc:DR4/DR5 
significantly  inhibited  reovirus-induced  apoptosis 
(Clarke  et  al,  2000),  and  suggest  that  the  pathways 
of  DR  activation  induced  by  a  conunon  stimulus,  in 
this  case  viral  infection,  may  differ  between  different 
populations  of  cells  in  specific  target  organs. 

Sequential  activation  of  caspases  occurs  in  most 
forms  of  apoptosis,  including  during  reovirus- 
induced  apoptosis.  Therefore,  it  is  conceivable  that 
if  caspase  activation  could  be  inhibited  early  or  at 
various  stages  in  the  apoptotic  signal  cascade,  then 
dying  cells  may  be  able  to  recover  and  survive.  Cas¬ 
pase  inhibitors  have  been  used  successfully  to  pro¬ 
tect  neurons  from  apoptosis  both  in  vivo  and  in 
vitro  following  several  types  of  apoptotic  stimuli 
(Kondratyev  and  Gale,  2000;  Ma  et  al,  1998;  Hara 
etal,  1997;  Ray  et  al,  2000;  Jiang  etal,  2001;  Jan  etal, 
2000).  Here  we  demonstrate  that  cell-permeable  pep¬ 
tide  caspase  inhibitors  show  a  hierarchy  of  efficacy  in 
their  capacity  to  inhibit  reovirus-induced  neuronal 
apoptosis,  with  caspase  3  and  caspase  8  inhibitors 
being  significantly  more  than  caspase  9  inhibitor  (see 
Figure  7D).  We  have  previously  shown  that  inhibition 
of  apoptosis  can  limit  reovirus-induced  myocardial 
injury  in  vivo  (DeBiasi  et  al,  1999, 2001).  It  will  be  im¬ 
portant  to  see  whether  caspase  inhibition,  which  ef¬ 
fectively  inhibits  reovirus-induced  neuronal  death  in 
vitro,  can  also  prevent  reovirus-induced  CNS  injury 
in  vivo. 

Activation  of  the  mitochondrial  apoptotic  path¬ 
way  plays  an  integral  role  in  augmenting  DR-initiated 
signaling  in  reovirus-induced  apoptosis  of  HEK293 
cells.  In  these  cells,  apoptosis  is  associated  with  Bid 
cleavage,  robust  release  of  cytochrome  c  into  the  cy¬ 
toplasm,  and  strong  caspase  9  activation  (Kominsl^, 
2002).  In  contrast  to  these  findings,  we  did  not  detect 
increased  levels  of  c3rtochrome  c  in  the  cytoplasm 
of  reovirus-infected  neurons,  nor  was  there  signifi¬ 
cant  activation  of  the  mitochondrion-associated  ini¬ 
tiator  caspase,  caspase  9.  These  results  suggest  that, 
in  contrast  to  reovirus  infected  non-nemronal  cells, 
mitochondria-associated  apoptotic  signaling  medi¬ 
ated  by  c3rtochrome  c  and  caspase  9  does  not  sig¬ 
nificantly  contribute  to  reovirus-induced  neuronal 
apoptosis. 

These  studies  provide  a  profile  of  the  activation 
of  apoptotic  signaling  pathways  in  neuronal  cells 
following  viral  infection,  and  indicate  that  these 
pathways  may  differ  in  important  features  from  those 
in  non-neuronal  cells.  It  is  increasingly  evident  that 
apoptosis  is  a  factor  in  acute  and  chronic  neurolog¬ 
ical  diseases,  including  stroke,  epilepsy,  traumatic 
brain  injury,  and  nemodegenerative  diseases.  Many 
neurotropic  viral  infections,  including  those  caused 
by  HIV  ffatel  et  al,  2000;  Ohagen  et  al,  1999;  Kaul 
et  al,  2001;  Gray  et  al,  2000),  La  Crosse  virus  (Pekosz 
etal,  1996),  Sindbis  virus  (Nava  etal,  1998;  Jan  etal, 
2000;  Levris  et  al,  1996),  Dengue  virus  (Despres 
et  al,  1996),  Venezuelan  equine  encephalitis  virus 
(Jackson  and  Rossiter,  1997b;  Jackson  et  al,  1991), 
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Rabies  virus  Qackson  and  Rossiter,  1997a),  herpes 
simplex  virus  (Thompson  and  Sawtell,  2000),  and 
poliovirus  (Lopez-Guerrero  etal,  2000;  Girard  et  cil, 
1999),  are  associated  with  apoptosis,  suggesting  that 
Ihis  form  of  cell  death  is  likely  to  be  a  common 
feature  of  many  CNS  infections.  This  suggests  that 
strategies  designed  to  inhibit  apoptosis  may  provide 
a  novel  approach  for  the  treatment  of  virus-induced 
CNS  diseases. 


Materials  and  methods 

Tissue  culture 

Neuroblastoma-derived  cell  line  The  mouse 
neuroblastoma-derived  cell  line,  NB41a3  (ATCC 
CCL-147)  was  obtained  from  the  American  Type  Cul¬ 
ture  Collection  (ATCC,  Rockville,  MD)  and  main¬ 
tained  in  minimal  essential  media  supplemented 
with  2  mM  glutamine,  50  U/ml  of  penicillin  add 
streptomycin  (P/S),  1  mM  nonessential  amino  aci4,!5i 
and  10%  heat-inactivated  fetal  bovine  seriun  (FB(S.; 
GibcoBRL,  Gaithersburg,  MD).  Cells  were  plated'at 
densities  of  2  x  10^  cells  per  milliliter  in  tissue 
culture-treated  6-well,  12-well,  or  96-well  plates 
(Costar,  Acton,  MA),  or  polystyrene  8-well  cham¬ 
ber  slides  (Lab-Tek  H,  Nunc/N^gene  International, 
Fisher  Scientific,  Pittsbiurgh,  PA)  and  maintained  at 
37“C  in  5%  COj. 

Primary  cultures  Primary  cortical  cultures  were 
prepared  from  embryonic  day  20  (E20)  Swiss- 
Webster  mice.  Pregnant  mice  were  euthanized  by 
isofluorane  inhalation  followed  by  cervical  dis¬ 
location.  Fetuses  were  removed  from  the  uterus, 
separated,  and  immediately  submerged  in  ice  cold 
sterile  Hanks  buffer  (without  calcium  chloride,  mag¬ 
nesium  chloride,  magnesium  sulfate,  and  phenol  red; 
GibcoBRL).  Fetuses  were  decapitated  with  sterile 
scissors,  and  brains  were  removed  and  immediately 
submerged  in  fresh  ice-cold  sterile  Hanks  buffer.  Tile- 
frontal  cortex  was  dissected,  the  meninges  were  ^- 
moved,  and  the  cortical  tissue  was  washed  thrive 
times  in  fresh  ice-cold  Hanks  buffer,  then  dissoqf- 
ated  with  a  1-ml  pipette  tip.  The  percentage  of  viable 
cells  was  quantified  by  trypan  blue  staining  using  a 
hemocytometer. 

Cells  were  plated  at  densities  of  10®  cells 
per  milliliter  in  poly-u-lysine  (PDL)-coated  6-well 
polystyrene  plates  or  8-well  glass  chamber  slides 
(BioCoat,  BD  Biosciences,  San  Jose,  CA)  and  main¬ 
tained  in  Neurobasal  media  supplemented  with 
2  mM  Glutamax,  50  U/ml  P/S,  100  fiM  glucose,  and 
10%  heat-inactivated  FBS  (GibcoBRL)  at  37°C  in  5% 
CO2.  At  24  h  following  plating,  the  serum-containing 
medium  was  replaced  by  serum-free  medium  con¬ 
taining  the  nonserum  nutritional  supplement  B27 
(Gibco  BRL)  to  limit  non-neuronal  cell  proliferation. 
Half  the  medium  was  replaced  every  3  to  4  days,  and 
cells  were  allowed  to  mature  for  10  to  14  days  before 
use  in  experiments. 
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Viral  infections 

Cells  For  most  apoptosis  and  signal  transduc¬ 
tion  assays,  subconfluent  cell  monolayers  were  in¬ 
fected  with  plaque-purified  second  passage  labora¬ 
tory  stocks  of  T3D  or  TIL  at  a  MOI  of  100  PFU 
per  cell.  This  multiplicity  of  infection  (MOI)  was 
selected  to  generate  a  s3mchronized  infection  of  all 
susceptible  cells  in  the  culture.  For  infections,  the 
cell  culture  medium  was  aspirated  and  replaced 
with  viral  stock  diluted  in  a  minimal  volume  of 
cold  gelatin  saline,  then  incubated  at  37°C  for  1 
h,  with  rocking  every  15  min.  Following  the  1- 
h  infection,  firesh  medium  was  added  to  &e  cells, 
which  continued  to  be  maintained  at  37”C  with 
5%  CO2. 

Mice  Postnatal  day  2  mice  were  infected  with  ei¬ 
ther  T3D  (10®  PFU)  or  mock-infected  with  an  equiva¬ 
lent  volume  of  diluent  medium  via  intracerebr^  (IC) 
injection.  Injections  were  made  using  a  29-gauge  nee¬ 
dle  in  a  10-m1  volume.  Animals  were  sacrificed  7  days 
after  infection. 

Histology 

For  histopathological  and  immimohistochemical 
staining,  eight  whole  mouse  brains  per  treatment 
group  (e.g.,  mock-infected,  T3D-infected)  were  fixed 
by  immersion  in  10%  buffered  formalin  for  24  to 
30  h  at  room  temperature  (RT),  then  cut  in  half  along 
the  mid-coronal  line  for  sectioning.  Fixed  tissues 
were  transferred  to  70%  ethanol,  paraffin-embedded, 
and  sectioned  at  4  /tm  thickness.  For  each  animal, 
a  coronal  section  that  showed  cingulate  gyrus,  hip¬ 
pocampus,  and  thalamus  was  stained  with  hema¬ 
toxylin  and  eosin  for  studies  of  the  extent  of  virus- 
induced  pathology.  Paraffin-embedded  sections  were 
baked  at  57®C  for  5  min  to  enhance  antigen  retrieval, 
then  deparaffinized  by  immersion  in  mixed  xylenes, 
followed  by  rehydration  in  a  series  of  descend¬ 
ing  ethanol  concentrations  followed  by  phosphate- 
buffered  saline. 

Viral  growth  assays 

Viral  growth  in  neuronal  cell  cultures  was  assayed  by 
determining  viral  titer  at  0,  24,  or  48  h  following  re- 
ovirus  infection  at  a  MOI  of  10.  This  MOI  resulted  in 
mote  distinct  one-step  growth  cmves  but  essentially 
similar  peak  titers  to  that  seen  with  MOI  100  (data 
not  shown).  At  the  indicated  times,  infected  neu¬ 
ronal  cells  were  lysed  via  three  freeze  (— 70°C)-thaw 
(37°C)  cycles,  followed  by  manual  disruption  with  a 
1-ml  pipette  tip.  \^al  titer  in  cell  lysates  was  deter¬ 
mined  by  plaque  assay  on  monolayers  of  L929  mouse 
fibroblasts,  as  previously  described  (lyier  et  al, 
1985). 

Apoptosis  assays 

Flow  c3rtometric  analysis  For  the  annexin  V-PI 
assay  (Flow-TACS,  Tirevigen,  Gaithersburg,  MD),  6 


wells  per  treatment  group  of  5  x  10®  cells  were 
gently  harvested  with  a  1:1  mixture  of  trypsin- 
versene  (0.25%,  GibcoBRL)  and  Acciunax  (Inno¬ 
vative  Cell  Technologies,  San  Diego,  CA),  then 
resuspended  and  washed  in  PBS.  Once  in  suspen¬ 
sion,  cells  were  incubated  with  1.5  (ig  annexin 
V-fluorescein  isbthiocyanate  (FITC)  in  100  A^l  bind¬ 
ing  buffer  for  15  min  in  the  dark  at  RT.  PI  (0.25  jttg 
in  400  fil  binding  buffer)  was  added,  then  cells 
were  tuialyzed  by  flow  c3dometry  (Coulter  Epics; 
Beckman  Coulter,  Fullerton,  CA).  Annexin  V-FITC 
was  measuredby  the  FLl  channel  (x-axis),  and  PI  was 
measured  by  the  FL3  channel  (y-axis). 

Nuclear  morphology  assa3rs  Apoptotic  cells  were 
identified  by  evaluating  nuclear  morphology  at  var¬ 
ious  times  following  reovirus  infection  by  staining 
fixed  cells  with  the  fluorescent  nuclear  DNA  iip- 
tercalating  dye,  Hoechst  33342  (Molecular  Probes, 
Eugene,  OR).  Apoptotic  nuclei  were  identified  by  tlie 
presence  of  condensed  and/or  marginized  chromatin. 
Cells  were  grown  and  infected  in  chamber  slides, 
fixed  at  24  or  48  h  following  infection  with  3.7% 
formaldehyde/PBS  for  20  min  at  RT,  then  incubated 
with  Hoechst  33342  (1  Mg/ml  PBS)  in  the  dark  for 
15  min  at  RT.  The  slides  were  mounted  with  an  an- 
ti&de  mounting  media  (4  mg  phenylenediamine  in 
1  ml  PBS  and  3  ml  glycerol  or  Anti-Fade  Kit  from 
Molecular  Probes).  Apoptotic  cells  were  quantified 
and  imagedby  fluorescence  microscopy  at  200  x  mag¬ 
nification  (Zeiss  Axioplan  2  Digital  Microscope  wiA 
Cooke  SensiCam  12  bit  Camera).  For  each  condi¬ 
tion,  percentage  of  apoptotic  cells  was  determined 
by  counting  300  hunched  cells  in  at  least  three 
individual  samples. 

Apoptotic  DNA  ladder  assays  We  evaluated  the 
fragmentation  patterns  of  DNA  isolated  from  c^;- 
trol  and  reovirus-infected  cells  using  the  method  qj- 
scribed  by  Gong  et  al  (1994).  Briefly,  1  x  10®  ngfr^ 
ronal  cells  were  harvested  48  h  after  infection  wij& 
0.25%  trypsin/versene  (GibcoBRL)  for  5  min  at  RT, 
then  resuspended  in  1  ml  Hanks  buffer,  fixed  with 
10  ml  cold  70%  ethanol,  and  placecl  at  -20‘’C 
overnight.  The  next  day,  the  ethanol  was  removed, 
DNA  was  extracted  with  a  sodium  phosphate-citrate 
buffer  (92  parts  0.2  M  Na2HP04,  8  parts  0.1  M  cit¬ 
ric  acid,  pH  7.8),  vacuum-i:ied,  then  incubated  with 
0.25%  Nonidet-P  40,  RNase  A  (3  fig)  and  proteinase 
K  (3  fig)  at  37°C  for  30  min.  Extracted  DNA  was 
separated  by  electrophoresis  in  a  2%  TBE  (25  mM 
tris-borate,  0.5  mM  EDTA)/agarose  gel  containing 
10  fig  ethidium  bromide  at  22  V  for  18  h.  DNA 
ladder  pattern  was  visualized  by  ultraviolet  (UV) 
illiunination.  A  100-base  pair  (bp)  DNA  molecular 
weight  marker  with  high  intensity  bands  at  600  bp, 
1.5  kilobases  (kb),  and  2.0  kb  (GibcoBRL)  was  usedjto 
estimate  molecular  weight  of  DNA  fragments.  1';*; 

TUNEL  A  biotin/streptavidin-based  TUNEL  jmf 
optimized  for  neuronal  tissues  and  cells  was  u?fd 
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(NeuroTACS  H;  TYevigen,  Gaithersburg,  MD).  At 
48  h  following  reovirus  infection,  cells  grown  in 
chamber  slides  were  fixed  with  3.7%  formalde¬ 
hyde/PBS  for  10  min,  post-fixed  in  methanol  for 
20  min,  then  permeabilized  in  Neuropore  (TYevi- 
gen)  for  30  min  at  RT  under  hydrophobic  cover- 
slips.  For  each  condition,  percentage  of  TUNEL- 
positive  cells  was  determined  by  counting  300 
hundred  cells  in  at  least  three  individual  samples. 

Brain  tissue  sections  underwent  antigen  retrieval, 
deparafBnization,  and  rehydration,  then  were  per¬ 
meabilized  with  Neuropore  for  30  min  at  37°C  un¬ 
der  hydrophobic  coverslips.  The  remainder  of  the 
TUNEL  assay  for  both  nemonal  cells  and  brain  tis¬ 
sue  sections  was  performed  in  accordance  with  the 
manufacturer’s  guidelines. 

Inhibitor  assays  Nuclear  morphology  assays  and 
TUNEL  were  used  to  determine  whether  treatment 
of  T3D-infected  neuronal  cultures  with  anti-reovirus 
sigma  1  antibodies  (anti-T3D  sigma  1,  9BG5;  anti- 
TlL  sigma  1,  5C6)  from  (Virgin  et  al,  1988),  cell- 
permeable  caspase  inhibitors ,  or  soluble  recombinant 
DRs  could  block  T3D-induced  apoptosis.  Caspase  in¬ 
hibitors  used  include  DEVD-CHO,  lETD-CHO,  and 
Z-LEHD-FMK  (Calbiochem,  San  Diego,  CA).  Neu¬ 
ronal  cultures  were  incubated  at  37°C  with  25  fiM 
caspase  inhibitor  for  1  h  prior  to  infection  and 
throughout  infection.  The  cytopathic  effect  in¬ 
duced  by  vehicle  (DMSO)  alone  was  minimal  (data 
not  shown).  Soluble  DRs  used  include  Fc:DR5 
(TRAILR2),  Fc:CD95(FAS),  and  FcrTNFRl  (Alexis 
Corporation,  San  Diego,  CA).  Neuronal  cultures  were 
incubated  at  37°C  with  1  to  5  ^g/ml  soluble  receptor 
for  1  h  prior  to  infection  and  ^oughout  infection. 
For  assays  using  Fc:receptors,  neuronal  cultures  were 
infected  by  T3D  at  MOI  50. 

Caspase  3  and  8  activation  assays  Caspase  3 
or  caspase  8  activity  in  reovirus-infected  and  con¬ 
trol  neuroblastoma  cells  was  detected  via  ApoAlert 
Caspase  3  and  8  Activity  Fluorometric  Assays  per 
manufacturer’s  guidelines  (Clontech,  Palo  Alto,  CA). 
Samples  were  transferred  to  96-well  enzjmie-linked 
immunosorbent  assay  (ELISA)  plates  for  detection 
of  fluorescent  activity  with  a  fluoremeter  (Cytofluor 
Series  4000;  PerSeptive  Biosystems)  set  at  400  nm 
excitation  filter  and  505  mn  emission  filter. 

Jmm  unocytochemistry  and  imm  unohistochemistry 

Single  antibody  ^  preparation  for  immunoas¬ 
says,  neuronal  cell  cultures  were  grown  and  infected 
in  8-well  chamber  slides,  fixed  at  various  times  fol¬ 
lowing  virus  infection  with  3.7%  formaldehyde/PBS 
for  1  h  at  RT,  and  permeabilized  with  Neuropore  for 
30  min  at  R'T.  Brain  tissue  underwent  deparaffiniza- 
tion,  rehydration,  andpermeabilizationinNemopore 
for  30  min  at  RT.  Samples  were  washed  in  TVis- 
buffered  saline  (TBS;  140  mM  NaCl,  20  mM  Ttis, 
pH  7.6),  nonspecific  binding  was  blocked  with  5% 


normal  goat  serum  in  TBS  (NGS;  Vector  Laborato¬ 
ries,  Burlingame,  CA),  then  samples  were  incubated 
(overnight  at  4°C)  with  primary  antibody  (1:50  to 
1:100)  diluted  in  3%  bovine  serum  albumin  (BSA; 
Sigma-Aldrich,  St.  Louis,  MO)  in  TBS/0.1  %  ’Tween 
(TBST).  Samples  were  next  washed  in  TBST  and 
incubated  in  blocking  buffer  with  the  appropriate 
secondary  antibody  conjugated  to  horseradish  per¬ 
oxidase  (HRP)  (Amersham,  Piscataway,  NJ)  or  FITC 
(Jackson  Immunoresearch  Laboratories,  West  Groue, 
PA)  for  1  h  at  37°C.  Samples  were  washed  witji 
TBST  and  either  exposed  to  diaminobenzidine  (DAB  ) 
for  HRP-conjugated  secondary  antibody  then  pemif  A 
nently  mounted,  or  immediately  mounted  with  ah- 
tifade  medium  if  the  secondary  antibody  was  cqn- 
jugated  to  FTTC.  Mounted  samples  were  stored  as 
described  for  TUNEL.  Primary  antibodies  used  for 
immunocytochemistry  include  rabbit  polyclonal 
anti-active  caspase  3,  mouse  monoclonal  anti-active 
caspase  8,  and  rabbit  polyclonal  anti-active  caspase 

9  (Cell  Signaling  Technology,  Beverly,  MA),  rabbit 
polyclonal  anti-active  caspase  8,  mouse  monoclonal 
anti-cytochrome  c  (Santa  Cruz  Biotechnology,  Santa 
Cruz,  CA),  mouse  monoclonal  anti-NeuN  (Chemicon, 
Temecula,  CA),  and  rabbit  polyclonal  reovirus  antis¬ 
era  (lyier  et  al,  1985). 

Double  antibody  labeling  The  protocol  described 
for  fluorescentsingle  antibody  labeling  was  used  with 
the  addition  of  another  incubation  (usually  2  h  at 
37°C)  for  the  second  primary  antibody  following  the 
incubation  and  washes  for  the  first  primary  antibody. 
The  secondary  antibodies  were  conjugated  to  differ¬ 
ent  fluorophores  with  differing  spectra,  such  as  FI^p 
and  Cy3.  The  secondary  antibodies  were  mixed 
gether,  diluted  in  3%  BSA/TBST,  and  incubated  |dr 
1  h  at  37°C.  Samples  were  then  washed  in  TBS^, 
incubated  with  Hoechst  33342  (100  ng/ml)/PBS  for 

10  min  at  RT  in  the  dark  as  counterstain,  mounted 
with  antifade  medium,  and  stored  in  the  dark  at 
— 20°C  imtil  imaging. 

Double  label  (antibody  -t-  TUNEL)  For  both  neu¬ 
ronal  cells  and  brain  tissue  sections,  binding  of  the 
primary  antibody  for  the  immunoassay  was  per¬ 
formed  prior  to  TUNEL  staining  by  diluting  the  pri¬ 
mary  antibody  (1:100)  in  Neuropore  and  incubating 
for  1  h  at  37°C  or  overnight  at  4°C  under  hydropho¬ 
bic  coverslips.  The  TdT  reaction  was  performed 
as  described  for  TUNEL.  A  mixture  of  strep-Cy3 
(Jackson  Immunoresearch  Laboratories)  to  detect 
TUNEL  and  secondary  antibody  (1:100)  conjugated 
to  FTTC  to  detect  flie  primary  antibody.  Sam¬ 
ples  were  washed  and  mounted  as  described  (pr 
double-antibody  labeling. 


Western  blots  iri 

Cell  lysates  Whole-cell  lysates,  mitochondrim/ 
membrane  lysates,  and  cytosolic/mitochondria-free 
lysates  were  prepared  from  neuronal  cell  cultures 


378 


Reovirus-Indiiced  neuronal  apoptosis 

SM  RichardsorvBurns  eta/ 


by  growing  and  infecting  the  cells  in  6-well  plates. 
At  various  times  following  viral  infection,  cells  were 
harvested  by  incubation  with  0.25%  trypsin/versene 
(GibcoBRL),  washed  in  PBS,  and  resuspended  in 
the  appropriate  lysis  buffer.  Two  wells  of  a  6-well 
plate  were  used  for  whole  cell  lysates.  The  cell  pel¬ 
let  was  resuspended  in  150  lA  of  whole  cell  lysis 
buffer  (1%  Nonidet  P40,  0.15  M  NaCl,  5  rhM  EDTA, 
0.01  M  Tris  pH  8.0,  1  M  PMSF,  0.02  mg/ml  leu- 
peptin,  0.02  mg/ml  trypsin  inhibitor),  briefly  soni¬ 
cated  with  a  microtip  probe,  then  mixed  with  150  fA 
of  Laemmli  buffer  (4%  sodium  dodecyl  sulfate,  20% 
glycerol,  10%  beta-mercaptoethanol,  0.004%  bro- 
mophenol  blue,  0.125  M  Tris-HCl,  pH  6.8).  The  re¬ 
maining  4  wells  of  the  6-well  plate  was  used  for 
preparation  of  both  mitochondrial/membrane  lysates 
and  cytosolic/mitochondria-free  lysates.  The  cell  pel¬ 
let  was  resuspended  in  300  of  mitochrondria-free 
extraction  lysis  buffer  (220  mM  mannitol,  68  mM  su¬ 
crose,  50  mM  PIPES-KOH,  pH  7.4, 50  mM  KCl,  5  mM 
EGTA,  2  mM  MgCl2,  1  mM  DTT;  protease  inhibitor 
cocktail,  Boehringer  Mannheim,  Indianapolis,  ID), 
incubated  on  ice  for  30  min  allowing  mitochon¬ 
dria  to  swell,  homogenized  in  a  2-ml  glass  dounce- 
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M^ny  vinnisi^s  |t>^longi|ig  to  diveri^e  vir^l  families  with  differing  structure  and  replication  strategies  induce 
apoptpsis  both  in  cultured  cells  in  vitro  and  in  tissues  inyivp.  Despite  this  fact,  little  is  known  about  the  sperihc 
cellular  apoptotic  pathways  induced  during  viral  infection.  We  have  previously  shown  that  reovirus^udueed 
apoptosis  of  HER  ceils  is  initiated  by  death  receptor  activation  but  requires  augmentation  by  mitochondrial 
apoptotic  pathways  for  its  marimai  eiipression.  We  now  show  that  reovims  infection  of  HEK  cells  is  associated 
\ritb  selective  Qlbsoljc  release  of  the  mitoebondriai  proapoptotic  factors  cytochrome  c  and  Smac/DIABI,0,  but 
not  the  release  of  apptpsls-’inducing  factor,  Release  of  these  tectors  is  not  associated  with  loss  of  roitochon*’ 
driai  transmembrane  potential  and  is  blocked  by  pvere^ression  of  8ch2.  Stable  expression  of  caspase^^b,  a 
dominant-negative  form  of  easpase-?,  blocks  reovinis-induced  caspase^9  activation  but  falls  to  significantly 
reduce  activation  of  the  key  effector  caspase,  caspase-3.  ^mac/DIABi^Q  enhances  apoptosis  through  its  action 
on  cellular  inhibitor  of  apoptosis  proteins  (lAPs),  Repvirus  infection  is  associated  with  selective  down^ 
regulation  of  cellniar  lAPs,  including  CfiAPl,  ^PAP,  and  survivini  effects  that  are  blocked  by  Rcb2  expression, 
esiablishing  the  dependence  of  lAP  down-regulation  on  mitochondrial  events.  Taken  together,  these  results  are 
consistent  with  a  'model  in  which  Smac/PIARLO-mediated  inhibition  of  lAPs,  rather  than  cytochrome  c- 
mediated  activation  of  caspase-9,  is  the  key  event  responsible  for  mitochondrial  augmentation  of  reovirus- 
induced  apoptosisl  These  studies  provide  the  first  evidence  for  the  association  of  Smac/DIABLO  with  virus* 
induced  apoptosis^ 


The  apoptotic  pathways  leading  to  cell  death  can  be  gene^ 
ally  divided  into  two  nonexclusive  signaling  cascades  involving 
death  receptors  (e^rinsic  pathways)  or  mitochondria  (intrinsic 
pathway)  (2,  37),  Induetion  of  apoptosis  through  the  death 
receptor  pathway  is  initiated  by  the  binding  of  ligand  to  the 
receptor,  causing  oligomerteation  of  the  receptor,  this  induces 
the  formation  of  the  death-induced  sipaling  complex,  leading 
to  the  activation  of  the  initiator  easpase,  paspase-tg  (2).  Caspase^ 
can  then  activate  downstream  effector  caspases,  Apoptosis  yia 
the  npiitochondrial  pathway  ^involves  specific  signals  that  allow 
the  release  of  proapoptotic  molecules  from  the  inner-mem¬ 
brane  space,  including  cytochrome  c  (28),  second  mitochon¬ 
drion-derived  activator  of  caspase  (SmacyDIABLQ)  (U,  55), 
apoptosis-inducing  factor  (AJF)  (50)^  and  endonuclease  G 
(26),  i^tQsolic  cytochrome  c,  Apaf-l,  and  procaspase-s  form  a 
complex  termed  the  apoptospme  (63),  Tormation  of  the  apop- 
tosome  leads  tq  the  activation  of  caspase-Q  and  subsequent 
effectcir  caspase  activatipn,  Relocalfeation  of  Smac/DIABLO 
to  the:  cytoplasm  promotes  caspase  activation  through  inbibL 
tion  of  the  inhibitor  of  apoptosis  (lAP)  protein  family  (11, 55), 
lAP  proteins  are  negative  regulators  of  apoptosis  that  inhibit 
caspase  activity.  lAP  family  members  are  characterized  by  the 
presence  of  one  or  more  baculoviral  lAP  repeat  domains  (9), 
Six  human  LAP  family  members  have  been  identified:  NAIF, 
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C^IAPl,  C.IAP2,  XIAP,  survivin,  and  BRUC^  (1,  12,  15,  27, 
39),  Four  of  these  protcins-=-o-lAPl,  C-IAP2,  XIAP,  and  sur^ 
vivin--“have  been  shown  to  directly  interact  with  caspase-3, 
easpase-7,  and  caspase-9  and,  at  least  in  the  cases  of  c-IAPl, 
c-l^2,  and  XIAP,  inhibit  caspase  activi^  (10, 41, 51).  Addh 
tionally,  reduction  of  c-lAP2  and  XIAP  protein  levels  is  asso¬ 
ciated  with  apoptosis  (25),  The  proapoptotic  mitochondrial 
protein  Smac®IABEp  has  been  shown  to  directly  interact 
with  XIAP  eliminating  XIAP’s  abiliri^  to  bind  to  and  inhibit 
caspases  and  thereby  promoting  apoptosis  (14), 

The  Bcl4  pristein  family  is  pf  central  unportance  in  the 
regulation  of  the  mitochondrial  apoptotic  pathway.  Members 
pf  this  family  may  be  either  antiapoptotic  (e,g„  Bpl4  and 
Bcl-ri)  or  proapoptotic  (e,g„  Bid,  Bax,  and  Bak),  Bcl4  appears 
to  play  a  role  in  the  maintenance  pf  mitochondrial  integrity 
and  inhibits  mitochondrial  release  of  proapoptotic  factors, 
Conversely,  Bid,  Bax,  and  Bak  appear  to  facilitate  the  release 


of  these  factors  (22),  <: 

Activation  of  ^e  death  receptpr  and  mltoehondrion-associ- 
ated  death  pathways  are  not  mutually  exclusive,  and  these 
pathways  may  interact  (cross  talk)  at  many  levels,’  One  impor- 
tant  link  between  these  two  pathways  appears  tp  involve  the 
caspaserS-dependent  c  eavage  of  Bid,  Truncated -Bid  translo¬ 
cates  to  the  mitpchonc  rion,  where  it  facilitates  release  pf  mi¬ 
tochondrial  proteins,  presumably  by  inducing  the  homo-pli- 
gomerization  of  Bax  or  Bak  (58),  This  process  may  result  in 
alteration  of  the  mitochondrial  permeability  transition  pore 
and  loss  of  mitochondrial  membrane  potential  (A^m)*  How- 
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FIG.  1.  Smac/DIABLO  and  cytochrome  c  are  present  in  the  cytosol  of  reovirus-infected  cells.  HEK  293  lysates  were  prepared  at  the  indicated 
time  points  from  mock-infected  cells,  reovirus-infected  cells,  or  Bcl-2-overexpressing  reovirus-infected  cells  and  resolved  using  SDS-PAGE. 
Western  blot  analysis  was  performed  using  anti-Smac  antibodies  (A)  and  anti-cytochrome  c  antibodies  (B).  The  Western  is  representative  of  two 
separate  experiments.  Lanes  c,  qrtoplasmic  fraction;  lanes  m,  mitochondrial  fraction,  h.p.i.,  hours  postihfection. 


ever,  recent  evidence  has  shown  that  Bid-dependent  release  of 
mitochondrial  proteins  can  occur  without  perturbing  mito¬ 
chondrial  structure  and  function  (20,  57). 

Mammalian  reoviruses  are  nonenveloped  double-stranded 
RNA  viruses  that  replicate  exclusively  in  the  cytoplasm.  Reo¬ 
viruses  have  been  shown  to  induce  apoptosis  both  in  cultured 
cells  in  vitro  (33,  38,  54)  and  in  specific  tissues,  including  the 
heart  and  brain,  in  vivo  (6,  34).  Apoptosis  is  an  important 
mechanism  of  reovirus-induced  tissue  injury  in  vivo,  and  inhi¬ 
bition  of  apoptosis  dramatically  reduces  the  severity  of  disease 
(6). 


Reovirus-induced  apoptosis  has  been  shown  to  involve  death 
receptor  4  (DR4),  death  receptor  5  (DR5),  and  their  cognate 
ligand,  tumor  necrosis  factor-related  apoptosis-inducing  ligand 
(TRAIL).  Inhibition  of  the  TRAIL/death  receptor  interaction 
with  anti-TRAJL  antibodies  or  soluble  forms  of  DR4/DR5 
inhibits  cell  death  (5).  Recently  we  have  shown  that  reovins- 
induced  apoptosis  also  requires  activation  of  the  mitochondrial 
apoptotic  pathway  (21).  In  reovirus-infected  HEK  cells,  there 
is  a  caspase-8-dependent  cleavage  of  Bid  leading  to  the  subse¬ 
quent  release  of  cytochrome  c  and  activation  of  caspase-9  and 
the  effector  caspase,  caspase-3.  Caspase-3  activation  is  inhib- 


11416  KOMINSKY  ET  AL. 


J.  Virol. 


Mock-infected 


0  4  8  12  16  20  24  28  32  h.p.i. 


cmcmc  mcmcmcmcmcmc  m 


Reovirus-infected 


0  4  8  12  16  20  24  28  32 


cmcmcmcmcmcmcm  cmcm 


h.pi. 

AIF 


FIG.  2.  Reovirus  infection  does  not  induce  the  mitochondrial  release  of  AIF.  HEK  293  lysates  were  prepared  at  the  indicated  time  points  from 
mock-infected  and  reovirus-infected  cells  and  resolved  using  SDS-PAGE.  Blots  were  probed  with  anti- AIF  antibodies  and  are  representative  of 
three  separate  e3q)eriments.  Lanes  c,  cytoplasmic  fraction;  lanes  m,  mitochondrial  fraction,  h.p.i.,  hours  postinfection. 


ited  in  cells  overexpressing  a  dominant-negative  form  of  the 
adaptor  protein  FADD  (FADD-DN)  and  in  cells  overexpress¬ 
ing  Bcl-2,  consistent  with  the  importance  of  both  extrinsic  and 
intrinsic  pathways  in  reovirus-induced  apoptosis  (21). 

In  this  study  we  set  out  to  better  characterize  the  mitochon¬ 
drion-dependent  apoptotic  processes  induced  following  reovi¬ 
rus  infection.  Release  of  the  mitochondrial  proteins  Smac/ 
DIABLO  and  AIF  were  examined.  Additionally,  the  fate  of  a 
number  of  lAP  protein  family  members  was  determined.  We 
find  that  Smac/DIABLO  is  released  into  the  cytosol  of  infected 
HEK  293  cells,  while  AIF  remained  sequestered  in  the  mito¬ 
chondria.  The  release  of  cytochrome  c  and  Smac/DIABLO 
occur  without  disturbing  the  mitochondrial  membrane  poten¬ 
tial.  Additionally,  by  utilizing  a  dominant-negative  isoform  of 
caspase-9,  we  find  that  while  the  mitochondrial  pathway  is 
required  for  caspase-3  activation,  caspase-9  is  dispensable  for 
this  process.  Finally,  we  find  that  a  specific  subset  of  LAP 
proteins  are  down-regulated  following  reovirus  infection. 
These  results  suggest  that  activation  of  Smac/DIABLO-depen- 
dent  rather  that  caspase-9-dependent  pathways  represents  the 
key  mitochondrial  event  during  reovirus-induced  apoptosis 
and  provide  the  first  evidence  for  involvement  of  Smac/DIA¬ 
BLO  in  virus-induced  apoptosis. 

MATERIALS  AND  METHODS 

Reagents.  Anti-cytochrome  c  (7H8.2C12)  (1:1,000),  anti-poly(ADP-ribose) 
polymerase  (anti-PARP)  (C2-10)  (1:2,000),  and  anti-XlAP/hlLP  (1:500)  anti¬ 
bodies  were  purchased  from  Pharmingen  (San  Diego,  Calif.).  Anti-caspase-9 
(1:1,000)  antibodies  were  purchased  from  Cell  Signaling  Technology  (Beverly, 
Mass.).  Anti-AIF,  anti-c-IAPl,  anti-c-IAP2,  and  antisurvivin  antibodies  were 
from  Santa  Cruz  Biotechnology  (Santa  Cruz,  Calif.).  Antiactin  antibodies 
(JLA20)  (1:5,000)  and  anti-Smac/DIABLO  (1:1,000)  were  from  Calbiochem 
(Darmstadt,  Germany).  Anti-human  cytochrome  c  oxidase  (subunit  II)  antibod¬ 
ies  (12C4-F12)  (1:1,000)  and  the  mitochondrial  potential  sensor  JC-1  were  from 
Molecular  Probes  (Eugene,  Oreg.).  Valinomycin  was  obtained  from  Sigma  (St. 
Louis,  Mo.).  Anti-Fas  antibody  (CH-11)  was  from  Upstate  Biotechnology  (Lake 
Placid,  N.Y.).  An  ApoAlert  caspase-3  fiuorometric  assay  kit  was  purchased  from 
Clontech  (Palo  Alto,  Calif.). 

Cells,  virus,  and  DNA  constructs.  HEK  293  cells  (ATCC  CRL1573)  were 
grown  in  Dulbecco’s  modified  Eagle’s  medium  supplemented  with  of  penicillin 
and  streptomycin  (100  U/ml  each)  and  containing  10%  fetal  bovine  serum. 
Jurkat  cells  were  a  gift  of  John  Cohen  and  were  grown  in  RPMI  supplemented 
with  penicillin  and  streptomycin  (100  U/ml  each)  and  containing  10%  fetal 
bovine  serum.  HEK  293  cells  stably  overexpressing  Bcl-2  were  provided  by  Gary 
Johnson.  The  cell  line  was  constructed  by  cloning  full-length  Bcl-2  into  the 
pLXSN  vector  and  transfecting  cells  via  retroyiral  transduction.  The  dominant¬ 


negative  caspase-9b  construct  was  a  gift  of  Emad  Alnemri  and  has  been  previ¬ 
ously  described  (47).  The  caspase-9b  construct  was  transfected  into  HEK  293 
cells  using  Lipofectamine  (Gibco,  Grand  Island,  N.Y.).  Reovirus  (type  3  Abney) 
is  a  laboratory  stock,  which  has  been  plaque  purified  and  passaged  (twice)  in 
L929  cells  (ATCC  CCLl)  to  generate  working  stocks  (53).  All  experiments  were 
performed  using  a  multiplicity  of  infection  of  100.  High  multiplicities  of  infection 
were  chosen  to  ensure  synchronized  infection  of  all  susceptible  cells  and  to 
maximize  the  apoptotic  stimulus. 

Mitochondrial  membrane  potential  measurement.  HEK  293  cells  were  seeded 
in  six-well  plates  at  10®  cells  per  well  in  a  volume  of  2  ml  and  then  infected  with 
reovirus  for  the  indicated  time  periods.  Control  cells  were  treated  with  valino¬ 
mycin  at  a  final  concentration  of  100  nM  for  10  min  at  37®C.  Cells  were  harvested 
and  washed  two  times  with  phosphate-buffered  saline  (PBS).  Cells  were  resus¬ 
pended  in  1  ml  of  PBS  containing  JC-1  (10  p.g/ml)  and  incubated  for  30  min  at 
3?*C.  Cells  were  washed  two  times  in  PBS  and  resuspended  in  1  ml  of  PBS. 
Finally,  cells  were  analyzed  using  a  Coulter  Epics  XL  flow  cytometer  (Beckman- 
Coulter,  Hialeah,  Fla.). 

Western  blot  analysis.  Reovirus-infected  cells  were  harvested  at  the  indicated 
times,  pelleted  by  centrifugation,  washed  with  ice-cold  phosphate-buffered  sa¬ 
line,  and  lysed  by  sonication  in  150  p.1  of  lysis  buffer  (1%  NP-40, 0,15  M  NaCl,  5.0 
mM  EDTA,  0.01  M  Tris  [pH  8.0],  1.0  mM  phenylmethylsulfonyl  fluoride,  leu- 
peptin  [0.02  mg/ml],  trypsin  inhibitor  [0.02  mg/ml]).  Lysates  were  cleared  by 
centrifugation  (20,000  X  g,  2  min),  mbced  1:1  with  sodium  dodecyl  sulfate  (SDS) 
sample  buffer,  boiled  for  5  min,  and  stored  at  -70‘’C.  Mitochondrion-free  ex¬ 
tracts  were  prepared  as  previously  described  (21)  in  buffer  containing  220  mM 
mannitol,  68  mM  sucrose,  50  mM  PIPES-KOH  (pH  7.4),  50  mM  KCl,  5  mM 
EGTA,  2  mM  Mga2,  1  mM  dithiothreitol,  and  protease  inhibitors  (complete 
cocktail;  Boehringer  Mannheim,  Indianapolis,  Ind.).  Proteins  were  separated  by 
SDS-polyaciylamide  gel  electrophoresis  (SDS-PAGE)  and  transferred  to  Hy- 
bond-C  Extra  nitrocellulose  membrane  (Amersham,  Little  Chalfont,  Bucking¬ 
hamshire,  England)  for  immunoblotting.  Blots  were  then  probed  with  the  spec¬ 
ified  antibodies  at  the  dilutions  described  above.  Proteins  were  visualized  using 
the  ECL  detection  system  (Amersham). 

Caspase-3  activation  assays.  Caspase-3  activation  assays  were  performed  us¬ 
ing  a  kit  obtained  from  Clontech.  Experiments  were  performed  using  10®  cells/ 
time  point.  Cells  were  centrifuged  at  200  X  g,  supernatants  were  removed,  and 
the  cell  pellets  were  frozen  at  — 70°C  until  cells  were  collected  at  all  the  time 
points.  Assays  were  performed  as  previously  described  (21)  in  96-weIl  plates  and 
analyzed  using  a  fluorescent  plate  reader  (CytoFIuor  4000;  PerSeptive  Biosj^- 
teras,  Framingham,  Mass.).  Results  of  all  experiments  are  reported  as  means  ± 
standard  errors  of  the  means. 


RESULTS 

Smac/DIABLO  is  released  from  the  mitochondria  following 
reovirus  infection.  Several  proteins  possessing  proapoptotic 
functions  are  localized  to  the  mitochondria.  These  include 
cytochrome  c  (28),  Smac/DIABLO  (11,  55),  AIF  (50),  and 
endonuclease  G  (26).  Additionally,  it  has  been  reported  that 
stores  of  the  procaspase  forms  of  several  caspases  are  present 
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FIG.  3.  Mitochondrial  is  not  altered  in  reovirus-infected  cells.  HEK  293  cells  were  mOck-infected  (A)  or  infected  with  reovirus  for  0  h  (B), 
6  h  (C),  12  h  (D),  Of  24  h  (E).  Control  cells  were  treated  with  valinomycin  (panel  F).  Cells  were  incubated  with  the  membrane  potential-sensitive 
dye  JC-1  and  analyzed  using  flow  cytometiy.  Red  fluorescence  indicates  mitochondria  with  intact  and  green  fluorescence  indicates  loss  of 
AVn,.  Results  are  representative  of  three  separate  experiments. 


in  mitochondria  (23,  29,  30,  36,  49).  We  have  previously  re¬ 
ported  that  cytochrome  c  is  released  from  the  mitochondria  of 
reovirus-infected  cells,  leading  to  the  activation  of  caspase-9 
(21).  We  wished  to  determine  whether  additional  mitochon¬ 
drial  molecules  were  also  involved  in  reovirus-induced  apopto¬ 
sis.  We  began  by  examining  the  distribution  of  Smac/DlABLO 
following  reovirus  infection.  Mitochondrion-free  lysates  were 
prepared  from  both  mock-  and  reovirus-infected  cells  at  the 
indicated  time  points  and  analyzed  by  Western  blot  for  the 
presence  of  cytosolic  Smac/DIABLO  (Pig.  lA).  Blots  were  also 
probed  with  anti-cytOchrome  c  antibodies  and  the  full  time 
course  of  (ytochrome  c  release  is  also  shown  (Fig.  IB).  Anti¬ 
sera  directed  against  the  mitochondrial  integral  membrane 
protein  cytochrome  c  oxidase  (subunit  II)  were  employed  to 
ensure  the  samples  were  free  of  mitochondrial  contamination 
(data  not  shown).  Smac/DIABLO  is  released  into  the  cyto¬ 
plasm  of  reovirus-infected  cells  (Fig.  lA)  and  Smac/DIABLO 
and  cytochrome  c  are  detected  in  the  cytoplasm  of  infected 
cells  beginning  at  4  h  postinfeCtion  (Fig.  1).  The  Smac/DIA¬ 
BLO  band  detected  at  0  h  postinfection  represents  background 
levels  as  similar  amounts  of  protein  arc  also  detected  in  mock- 
infected  extracts  (Fig.  1).  Additionally,  the  release  of  both 
proteins  is  blocked  in  cells  overexpressing  Bcl-2  (Fig.  1).  In¬ 
terestingly,  the  release  of  Smac/DIABLO  appears  to  exhibit  a 


biphasic  pattern  which  we  have  previously  described  for  other 
events  following  reovirus  infection,  including  caspase-8  activa¬ 
tion,  Bid  cleavage,  and  caSpase-3  activation  (21).  The  early 
phase  of  Smac/DIABLO  release  was  detectable  at  4  h  postin¬ 
fection  and  then  diminished.  A  second  phase  of  Smac/DIA¬ 
BLO  release  was  detectable  at  ^16  h  postinfection  and  was 
sustained  over  the  remainder  of  the  time  course  (Fig.  lA). 

AIF  is  not  released  from  the  mitochondria  of  reovirus-in- 
fected  cells4  AIF  is  a  mitochondrial  protein  that  can  translocate 
to  the  nucleus,  leading  to  nuclear  apoptosis  (50).  The  relocal¬ 
ization  of  AIF  to  the  nucleus  induces  a  caspase-independent 
apoptotic  pathway  (19).  It  has  been  shown  that  AlF  is  released 
from  the  mitochondria  of  cells  following  human  immunodefi¬ 
ciency  virus  (HIV)  infection  (13)  and  herpes  simplex  virus  type 
1  (HSV-1)  infection  (61).  We  examined  AIF  localization  in 
reovirus-infected  cells  using  mitochondrion-free  lysates.  As 
shown  in  Fig.  2,  AIF  is  not  detected  in  the  cytoplasm  following 
reovirus  infection.  We  also  prepared  nuclear  extracts  from 
both  mock-  and  reovirus-infected  cells  to  ensure  that  AIF  had 
not  translocated  the  nucleus.  We  could  not  detect  nuclearly 
localized  AIF  following  reovirus  infection  (data  not  shown). 
These  experiments  demonstrate  that  the  mitochondrial  pro- 
apoptotic  proteins  Smac/DIABLO  and  cytochrome  c,  but  not 
AIF,  are  released  in  reovirus-infected  cells. 
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FIG.  4.  Inhibition  of  caspase-9  activation  does  not  prevent  effector  caspase  activation.  Western  blot  analysis  was  performed  using  HEK  293 
lysates  harvested  at  the  indicated  time  points  from  mock-infected  and  reovirus-infected  cells  and  probed  with  anti-caspase-9  antibodies  (A)  or 
anti-PARP  antibodies  (C).  Control  lanes  represent  Jurkat  cell  lysates  untreated  (-)  or  treated  (+)  with  activating  anti-Fas  antibody  and  harvested 
at  8  h  posttreatment.  Each  Western  blot  is  representative  of  two  separate  experiments.  (B)  Huorogenic  substrate  assays  were  performed  in 
triplicate.  Error  bars  represent  standard  error  of  the  mean.  Fluorescence  is  expressed  as  arbitrary  units,  h.p.i.,  hours  postinfection. 


Mitochondrial  membrane  potential  is  maintained  following 
reovirus  infection.  We  have  shown  that  reovirus  infection  re¬ 
sults  in  the  caspase-8-dependent  cleavage  of  the  proapoptotic 
protein  Bid  (21).  It  has  been  reported  that  Bid-dependent 
cytochrome  c  release  can  occur  in  the  absence  of  mitochon¬ 
drial  membrane  potential  (A^m)  ^^ss  (20, 57).  Previous  studies 
suggested  that  reovirus  infection  did  not  alter  A^j^  ^  monkey 


kidney  CV-1  cells  (46).  In  light  of  our  data  indicating  the 
release  of  both  q^ochrome  c  and  Smac/DIABLO  from  the 
mitochondria  of  infected  cells,  we  wanted  to  determine  the 
state  of  the  A'^j^  following  infection  of  HEK  293  cells  using  the 
A’^^n^-sensitive  dye  JC-1.  Using  JC-1,  high  A'^j^  is  indicated  by 
red  fluorescence  and  low  is  indicated  by  green  fluores¬ 
cence.  As  shown  in  Fig.  3,  no  reduction  is  detected  over 
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the  reovirus  infection  time  course  (Fig.  3B  to  E)  compared  to 
mock-infected  cells  (Fig.  3A).  As  a  control  cells  were  treated 
with  the  apoptosis-inducing  agent  valinomycin,  a  iono- 
phore  that  induces  loss  of  (Fig.  3F)  to  show  the  shift  in 
red  to  green  fluorescence  that  accompanies  perturbation. 

Caspase-9  activation  is  dispensable  for  effector  easpase  ac^ 
tivatioti  following  reOVints  infection^  Having  shown  that  both 
cytochrome  c  and  Smac/DIABLO  are  released  from  the  mito¬ 
chondria  of  reovirus-infected  cells,  we  wanted  to  determine  the 
importance  of  the  contribution  of  these  proteins  to  reovirus- 
induced  apoptosis.  Cells  were  transfected  with  a  dominant¬ 
negative  form  Of  caspase-9,  caspase-9b  (47).  Unlike  Bcl-2  over- 
expression,  which  blocks  all  mitochondrially  mediated  events, 
caspase-9b  only  interferes  with  the  cytochrome  c-dependent 
process  of  caspase-9  activation.  Expression  of  the  Caspase-9b 
isoform  was  confirmed  by  Western  blotting  (data  not  shown). 
As  shown  in  Fig.  4A,  caspase^9b  expression  prevents  the  acti¬ 
vation  of  endogenous  Gaspase-9,  as  evidenced  by  the  failure  to 
detect  the  37-kDa  fragment  of  active  caSpase^9.  We  next  in¬ 
fected  cells  expressing  caspase-9b  and  utilized  a  caspase-3  flu- 
Orogenic  substrate  assay  to  measure  the  activity  of  caspase-3. 
We  found  that  inhibition  of  caspase-9  activation  did  not  pre¬ 
vent  reovirus-induced  activation  of  caspase-3  (Fig.  4B).  This 
result  Was  confirmed  by  examining  the  cleavage  of  the  endog¬ 
enous  caspase-3  substrate  PARP.  As  shown  in  Fig.  4C,  the 
85^kDa  cleavage  fra^ent  Of  PARP  is  detected  in  both  reovi- 
nls-infected  Cells  and  reovirus-infected,  Caspase-9b-expressing 
cells.  These  results  in  conjunction  with  our  previous  studies 
establishing  the  importance  Of  the  mitochondrial  pathway  in 
reovirus-induced  apoptosis  indicated  that  cytochrome  c-de¬ 
pendent  caspase-9  activation  was  not  required  for  apoptosis 
following  reovirus  infection. 


XIAP  is  cleaved  in  reovinis-iiifected  cells.  Having  shown 
that  Smac/DIABLO  was  released  from  mitochondria  in  reovi- 
rus-mfected  cells,  We  next  wished  to  determine  Whether  this 
was  associated  with  alterations  in  cellular  levels  Of  lAPs.  XIAP 
is  a  ubiquitously  expressed  protein  (27)  that  is  cleaved  follow¬ 
ing  induction  of  apoptosis  (8^  18).  Therefore^  using  Western 
blot  analysis  we  looked  for  the  presence  of  cleaved  XlAP 
following  reovirus  infection.  As  shoWn  in  Fig.  5,  the  ~30-kDa 
XIAP  cleavage  fragment  is  detected  at  12  h  postinfection  arid 
persists  Over  the  time  course  of  the  infection.  This  fragment  is 
riot  detected  in  mock-infected  or  in  reovirus-infected  cells 
overexpressing  BcI-2  (Fig.  5),  indicating  that  activation  of  the 
mitochondrial  apoptotic  pathway  is  required  for  XIAP  cleav¬ 
age. 

c-lAPl  arid  surViviri  are  dowri-tegulated  in  redVirriS-irifecied 
cells.  We  next  examined  the  cellular  levels  of  several  Other  lAP 
family  members  following  reovirus  irifectiOri.  SurviViri,  like 
XIAP,  has  been  shown  tO  inhibit  apoptosis.  We  used  Western 
blot  analysis  to  examine  survivin  proteiri  levels  following  reo¬ 
virus  infection.  SuiVivin  protein  levels  Were  found  to  drairiati- 
caliy  decrease  in  reovirus-infected  cells  beginning  at  ^12  h 
postinfectiori  (Fig.  6).  This  reduction  Was  riot  seeri  in  mock- 
infected  cells  arid  was  strongly  inhibited  in  reovirus-infected^ 
Bcl-2-overexpressing  cells  (Fig.  6).  We  also  examined  levels  of 
two  other  lAPs,  c-IAPl  and  C-IAP2.  Both  c-lAPl  arid  C-IAP2 
have  beeri  shown  to  directly  inhibit  caspases  (40).  As  shown  in 
Fig.  7,  c-IAPl  proteiri  levels  are  reduced  over  the  time  Course 
following  reovirus  infection,  while  c-IAPl  levels  remain  un¬ 
changed  in  both  mock-infected  arid  reovinis-infected  cells 
oVereXpressing  Scl-2.  The  reduction  of  c-IAPl  proteiri  levels 
appears  to  begin  at  ^16  h  postirifectiOri  (Fig.  Tj,  which  corre¬ 
lates  well  with  the  second  phase  of  Smac/DlABLO  release 
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Fl(j.  5.  ReoViniS  infectioti  leads  to  thd  cleavage  6f  XIAP.  iVestefn  blot  analysis  was  Jjerfornied  using  HEK  293  lysates  harvested  at  the  indicated 
tim6  fibirits  from  mock-iftfected,  feovifiis-irifected,  arid  BGl-2‘Ov6fei^fessirig  tebvirus-irifected  cells  arid  probed  with  ariti-XIAP  riritibodies.  Control 
lanes  repreSbrit  Jurkat  cell  lysatCs  uritfeated  (-)  or  treated  (+)  with  activating  ariti-Fas  aritibody  and  harvested  at  8  H  pbsttr6atmerit.  the  ^Vesteiri 
blot  is  representative  of  three  separate  experiiherits.  h.p hours  pbstirifectibri. 


froitt  the  mitoichoridria  (Fig.  lA).  C^1AP2  levek  feitrairi  rela¬ 
tively  Uriehariged  ifi  both  iriOck-irifeCted  arid  rebvirTis-mfeGted 
cells  (Fig.  8)j  indicatinig  that  C-IAP2  does  riot  play  a  foie  in 
rebvirus^iriduGed  apoptosis,  these  fesillts  indicate  that  feovi- 
rris  infectioti  is  assbciated  With  Selective  fediiCtiori  in  celltilar 
levels  of  specific  lAPs. 

DISCUSStON 

Several  viruses  have  been  found  to  induce  apbfitbsis  in  in¬ 
fected  cells  (40).  Apoptosis  also  plays  art  impbftant  fble  in 
virtis^iiduced  tissue  irijuty  in  vivo.  However,  the  exact  cellulaf 
pathways  involved  in  vifus^iriduCed  apoptosis  are  still  iriebiri- 
pletely  uridefstood.  to  this  end  a  riuitiber  of  studies  have  been 
undertakeri  to  elucidate  the  apoptotic  pathways  iriduced  by 
viral  infeetiori  febth  in  vivo  arid  iri  vitro. 

Several  studies  have  demoristfafed  that  infection  by  a  di¬ 
verse  gfoUp  of  viruses  riiay  induce  apoptosis,  at  least  iri  part, 
through  a  death-receptor-deperident  mechariisiri.  these  in¬ 
clude  HIV  (31,’  59),  nfeasfes  virus  (44,  56),  influenza  A  virus 
(32),  Siridbis  vims  (24),  and  hepatitis  C  virus  (62)  irifeCtions. 
the  mitOChOridriori-deperident  apOptotiC  pathway  has  also 
been  shoWri  to  play  a  central  foie  iri  virus-induced  apoptosis.  A 
riuiribef  of  vifuses  have  been  found  to  Cause  reloCaUzatiori  of 
proapoptotic  initoGhbndrial  pfoteiris  thfough  both  direct  arid 
indirect  mteractioris.  Aifiorig  these  are  HIV  (13, 16, 17),  influ- 
eriza  A  virus  (4),  HSV-1  (61),  HSV-8  (45),  hepatitis  B  virus 


(52),  and  West  Nile  virus  (35);  these  data  suggest  that  de- 
peridirig  oii  the  specific  vifuses  arid  cells  studied,  feoth  death 
receptof  and  mitochoridrial  pathways  Can  contfibute  to  virus- 
induced  apoptosis. 

there  is  corisidCrable  CrOss  talk  between  death-fCeeptof  arid 
liiitochoridrial  apoptotic  pathways.  For  exariiple^  dCatli-recep- 
tof-deperiderit  aCtivatiori  of  Caspase-S  leads  to  cleavage  of  Bid, 
fesultirig  iri  the  fClease  of  mitochondrial  pf Oapoptotic  pfoteiris, 
iriCliidirig  q^bchforrie  c  arid  Siriac/DfASLO,  into  the  cyto- 
plasrii.  Indeed,  it  has  been  suggested  that  cells  cari  be  gfotiped 
based  upori  the  de^ee  of  initochbridfial  iriVblvefrieiif  iri  death- 
feCeptOr-itiediated  apoptosis  (42,  43).  the  Cytochrbirie  c-de- 
pendent  activation  of  easpaSe-9  has  been  thought  to  be  of 
central  impoftance  iri  this  process,  HoWevef,  several  recent 
reports  suggest  that  Smac/filABLO  felease  fathef  than 
caspase-^9  activation  riiay  be  the  critical  initochoridrial  event  in 
both  tRAIL-induced  (7, 60)  arid  FasL-iridUCed  apoptosis  (4S). 

Reoyirus-induCed  apoptosis  requires  erigageriient  of  Cellulaf 
receptors,  including  junction  adhesion  inoleGule  and  sialic  aCid 
residues  (3),  arid  has  been  shoWri  to  involve  the  DR4/DR5/ 
tRAlL  death  receptor  apoptotic  pathway  (5).  We  have  shown 
recently  that,  in  feoVifUs-irifected  HER  cells,  although  apopto¬ 
sis  is  initiated  by  death  receptor  activation,  its  full  expression 
requires  the  pafticipatiori  of  itiitochOridfial  apoptotic  pathways 
(21).  We  have  also  previously  shown  that  reOviriis  infection  is 
associated  With  mitochondrial  release  of  cytochrome  e  and 
subsequent  activation  Of  Caspase-9  (21).  Additiorially,  we  derii- 
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^  fid.  5.  Reoviriis  iilfectioti  leads  to  the  eleavage  of  XlAP.  Westerii  blot  analysis  was  perforiiied  usiiig  HEK  293  lysateS  harvested  at  the  indicated 
time  points  frofti  m06k-infected,  reovinis-irifect^d,  and  Bcl-2-6v£jrexpfessirig  teovirtis-infected  c^Ils  and  ptobed  with  ahfi-XIAP  antibodies.  Gotitrol 
lanes  tepres^ht  Jurkat  cell  lysates  tiritreated  (—)  Of  treated  (+)  with  activating  atiti-Fas  antibody  and  harvested  at  8  h  pdsttreatiiierit.  The  \Vestem 
blot  is  representative  of  three  separate  experiniients.  h.p.i.,  hbtirS  postinfection. 


fronl  the  mitoichoiridria  (Fig.  lA).  c~IAP2  leVeM  ferriaih  rela¬ 
tively  tirichariged  hi  both  ihock-irifected  arid  reovifus^irifeGfed 
cells  (Fig.  8)j  indicatiflg  that  e-lAP2  does  hot  play  a  foie  in 
rebvirus-iriduGed  apoptosis.  These  feshlts  indicate  that  reovi¬ 
riis  ittfeetioh  is  associated  vv^ith  selective  tedxietiori  in  eelltilar 
levels  of  specific  LAPS. 

DiSCtJSStON 

Several  vinises  have  been  found  to  induce  apoptbsis  in  in¬ 
fected  cells  (40).  Apopfosis  also  plays  ah  hhpbifarit  fble  in 
Virtis-iiiduced  tissue  injuiy  in  vivo.  Hbxvever,  the  exact  cellulaf 
pathways  ihVolVed  in  vims-ihduced  apoptosis  are  still  ihcbih- 
pletefy  Understood.  To  this  end  a  number  of  studies  have  beeri 
uhdertakeh  to  elucidate  the  apoptotic  pathways  induced  by 
viral  irifectioh  both  in  ViVb  arid  in  vitro. 

Several  studies  have  demoristfated  that  irifeetioft  by  a  di¬ 
verse  grbUp  of  viruses  hiay  iiiduce  apbptosis,  at  least  iri  part, 
through  a  death-receptor-depehdent  mechanism.  These  in¬ 
clude  HIV  (Si,  59),  measles  Virus  (44,  56),  mfIUen2:a  A  Virus 
(32),  Siridbis  Virus  (24),  arid  hepatitis  G  virus  (62)  mfectiohs. 
The  mitbChbridrioti-deperiderit  apoptotic  pathway  has  also 
been  showri  to  play  a  central  foie  iri  virus-iriduced  apopfosis.  A 
riUriiber  of  Viruses  have  been  found  tb  cause  relocalizatiori  of 
proapoptbtiC  mitochondrial  proteins  through  both  direct  arid 
iridirect  iriteractibris.  Among  these  are  HIV  (13, 16, 17),  influ- 
eriza  A  virus  (4),  HSV-1  (61),  HSV-8  (45),  hepatitis  B  virus 


(52),  and  West  Nile  virus  (35).  These  data  suggest  that  de¬ 
pending  on  the  specific  viruses  arid  Cells  studied,  bbth  death 
receptor  and  riiitbehoridrial  pathways  Can  Contribute  to  Virus- 
induced  apoptosis. 

There  is  Cbrisiderable  CrbsS  talk  between  death-f eCeptof  arid 
mitochbridrial  apoptotic  pathways.  For  exairiplej  death-recep- 
tof-deperident  aCtivatiori  of  caspase-S  leads  tb  cleavage  of  Bid, 
resulting  iri  the  release  of  mitbchbndrial  pfbapoptbtic  pfbteiris, 
iricfudirig  c^^bchfbme  c  arid  SraacytilABiLd,  into  the  cyto¬ 
plasm.  Irideed,  it  has  been  suggested  that  cells  can  be  grouped 
based  upori  the  degree  of  mitochoridfial  iriVolvemerit  iri  death- 
receptof-riiediated  apoptbsis  (42,  43).  The  c^bchrbme  c-de- 
pertderit  aCtivatiori  of  CaspaSe-9  has  beeri  thought  tb  be  of 
central  impbifarice  in  this  process.  fibWever,  several  recent 
reports  suggest  that  Smac/ClABLO  release  rather  thari 
caspase-^9  aCtivatiori  riiay  be  the  Cfitical  mitdchoridrial  eVerit  in 
both  TRAIL-induced  (7, 60)  arid  FasL-iriduced  ^bptbsis  (4S).' 

Rebvirus-iriduced  apoptosis  requires  erigagemerif  of  cellulaf 
receptors,  including  junctiori  adhesion  inolecule  arid  sialic  acid 
residues  (3),  arid  has  been  showri  to  involve  the  DR4/DR5/ 
TRAIL  death  receptor  apbptbtic  pathway  (5).  We  have  showri 
feceritly  that,  in  feovifus-irifeCted  IlEK  cells  j  although  apopto¬ 
sis  is  iriitiated  by  death  receptor  aetivatibri,  its  frill  expfessibri 
requif es  the  pafticipatiori  of  iriitbchbridrial  apoptotic  pathways 
(21).  We  have  also  pfevibusly  shown  that  rebvirris  irifectibri  is 
associafed  With  riiitochoridrial  release  Of  cytochrome  e  arid 
subsequent  aCtivatiori  of  caspase-9  (21).  Additiorially,  we  deni- 
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FIG.  6.  Cellular  levels  of  survivin  are  reduced  following  reovirus  infection.  Western  blot  analysis  was  performed  using  HEK  293  lysates 
harvested  at  the  indicated  time  points  from  mock-infected,  reovirus-infected,  and  Bcl-2-overexpressing  reovirus-infected  cells  and  probed  with 
antisurvivin  antibodies  and  antiactin  to  demonstrate  equal  protein  loading.  Control  lanes  represent  Jurkat  cell  lysates  untreated  (-)  or  treated  (-H) 
with  activating  anti-Fas  antibody  and  harvested  at  8  h  posttreatment.  The  Western  blot  is  representative  of  two  separate  experiments,  h.p.i.,  hours 
postinfection. 


onstrated  that  the  activation  of  caspase-8  and  caspase-3  and 
the  cleavage  of  Bid  occur  in  a  biphasic  manner  (21).  We  have 
postulated  that  the  early  phase  of  caspase  activation  and  Bid 
truncation  are  necessary  to  activate  the  mitochondrial  apopto- 


tic  pathway,  which  leads  to  the  second,  more  intense  phase  of 
caspase  activation  and  apoptosis  (21).  We  now  show  that  in 
addition  to  cytochrome  c,  Smac/DIABLO  is  also  released  from 
mitochondria  of  infected  cells  and  that  the  release  of  Smac/ 
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FIG.  7.  Reovirus  infection  induces  a  reduction  in  c-IAPl  protein  level.  Western  blot  analysis  was  performed  using  HEK  293  lysates  harvested 
at  the  indicated  time  points  from  mock-infected,  reovirus-infected,  and  Bcl-2-overexpressing  reovirus-infected  cells  and  probed  with  anti-c-IAPl 
antibodies  and  antiactin  to  demonstrate  equal  protein  loading.  Control  lanes  represent  Jurkat  cell  lysates  untreated  (-)  or  treated  (-I-)  with 
activating  anti-Fas  antibody  and  harvested  at  8  h  posttreatment.  The  Western  blot  is  representative  of  two  separate  experiments.  h.p.i.,  hours 
postinfection. 
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FIG.  8.  Cellular  C‘IAP2  protein  levels  afe  unaffected  followitig  reovirus  iiifectioil.  Westeftt  blot  analysis  was  performed  using  HEK  293  lysates 
harvested  at  the  indicated  time  points  from  mOck-infected,  reovirus-infected,  and  Bcl-2-overexpressing  reovirus-infected  cells  and  probed  with 
anti-c-IAP2  antibodies  and  aiitiactin  to  demonstrate  equal  protein  loading.  Control  lanes  represent  Jutkat  cell  lysates  untreated  (^)  or  treated  (+) 
with  activating  anti-Fas  antibody  and  harvested  at  8  h  posttreatment.  The  Western  blot  is  representative  of  two  separate  experiments,  hip.i.,  hours 
postinfection. 


DIABLO  occurs  in  a  biphasic  manner.  Another  mitochondrial 
protein,  AIF,  remains  sequestered,  indicating  that  reovims- 
induced  release  of  mitochondrial  proapoptotic  proteins  is  a 
selective  process  and  is  not  indiscriminately  associated  with  the 
release  of  all  mitochondrial  proapoptotic  factors.  This  selective 
release  is  consistent  with  previous  results  (46)  and  our  present 
studies  indicating  that  reovirus  infection  does  not  alter  mito¬ 
chondrial  in  infected  cells  and  that  mitochondrial  ultra¬ 
structure  is  not  significantly  disrupted  in  the  early  stages  of 
reovirus  infection  (K.  L.  Tyler,  unpublished  data). 

We  had  previously  demonstrated  that  overexpression  of 
Bcl-2  was  capable  of  preventing  effector  Caspase  activation 
following  reovirus  infection,  indicating  that  mitochondrial  ap- 
Optotic  pathways  were  mvolved  in  reovirus-induced  apoptosis 
in  many  cell  types  (21,  38).  Having  shown  that  reovirus  infec¬ 
tion  induces  the  release  of  both  Smac/DIABLO  and  cyto¬ 
chrome  c,  we  next  wanted  to  determine  if  we  Could  elucidate 
the  relative  contribution  of  these  proteins  to  reovirus-induced 
apoptosis.  We  utilized  a  dominant-negative  caspase-9  con¬ 
struct  (caspase-9b)  to  specifically  inhibit  endogenous  caspase-9 
activation  following  reovirus  infection.  We  found  that  inhibi¬ 
tion  of  Caspase-9  activation  did  not  significantly  alter  activation 
of  the  effector  caspase,  caspase-3.  These  data  indicate  that 
QUOchrome  c  release  and  subsequent  caspase-9  activation  were 
not  the  critical  mitochondrial  event  in  reovirus-induced  apo¬ 
ptosis. 

Having  shown  that  Smac/DlABLO  was  also  released  from 
mitochondria  in  reovirus-infected  cells,  we  wished  to  deter¬ 
mine  whether  this  was  associated  with  alterations  of  lAPs 
known  to  interact  with  Smac/DIABLO.  We  therefore  exam¬ 
ined  the  cellular  levels  of  several  LAP  proteins  following  reo¬ 
virus  infection.  We  find  that  XIAP  is  cleaved  following  reovirus 


infection,  beginning  at  ^^12  h  postinfection.  This  cleavage  is 
blocked  in  Bcl-2-overexpressing  cells.  Additionally,  we  show 
that  survivin  and  c-IAPl  protein  levels  are  reduced  following 
reovirus  infection,  with  the  reduction  first  being  appreciable  at 
^12  h  postinfection.  Both  of  these  events  are  inhibited  in 
Bcl-2-overexpressing  cells,  indicating  that  they  require  activa¬ 
tion  of  mitochondrial  apoptotic  pathways.  Cellular  levels  of 
C-IAP2  were  unaffected  following  reovirus  infection,  indicating 
that  the  effects  of  reovirus  infection  on  LAPs  are  selective. 

In  this  work  we  provide  further  evidence  for  the  importance 
of  the  mitochondrial  apoptotic  pathway,  and  specifically  for  the 
release  of  Smac/DIABLO,  in  reovirus-induced  apoptosis.  Ad¬ 
ditionally,  we  elucidate  the  intracellular  mechanisms  of  this 
process  by  showing  that  removal  or  down-regulation  of  certain 
IAP  proteins  appears  to  be  an  important  part  of  Cell  death. 
Unfortunately,  specific  inhibitors  Of  Smac/DIABLO  release  or 
function  are  not  currently  available,  and  therefore  the  neces¬ 
sity  of  Smac/DIABLO  release  Cannot  be  directly  assessed  at 
this  time.  Howevetj  we  believe  that  our  data  strongly  implicate 
the  release  of  Smac/DIABLO  as  the  required  mitochondrial 
event  for  reovirus-induced  apoptosis.  A  possible  model  fOr  the 
events  involved  in  reovirus-induced  apoptosis  is  shown  in  Fig. 
9.  Following  caspase-8  activation,  the  proapoptotic  protein  Bid 
is  cleaved.  Truncated  Bid  either  directly  or  Indirectly  induces 
the  release  of  the  mitochondrial  proteins  cytochrome  c  and 
Smac/DIABLO.  Cytosolic  cytochrome  c  induces  the  activation 
of  caspase-9,  and  Smac/DIABLO  interferes  with  the  ability  of 
XIAP,  survivin,  and  c-1^1  to  prevent  caspase  activation. 
While  caspase-9  may  play  a  role  in  amplifying  effector  caspase 
activation,  this  appears  to  be  unnecessary  for  reovirus-induced 
apoptosis.  These  studies  provide  the  first  direct  evidence  for 
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FIG.  9.  Model  of  cellular  pathways  involved  in  reovirus-induced  apoptosis  in  HEK  cells.  Reovinis  infection  leads  to  the  activation  of  caspase-8 
and  cleavage  of  the  proapoptotic  molecule  Bid.  These  events  promote  the  release  of  Smac/DIABLO  and  cytochrome  c  from  the  mitochondria  of 
infected  cells.  The  release  of  these  proteins  can  be  prevented  by  the  overexpression  of  Bcl-2.  Cytosolic  Smac/DIABLO  inhibits  the  antiapoptotic 
effect  exerted  by  XIAP,  survivin,  and  c-IAPl,  leading  to  the  sustained  activation  of  both  initiator  caspases  and  the  effector  caspase,  caspase-3.  While 
caspase-9  is  activated  and  undoubtedly  participates  in  reovirus-induced  apoptosis,  its  activation  appears  to  be  dispensable  for  this  process. 


the  association  of  Smac/DIABLO  with  virus-induced  apopto¬ 
sis. 
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Abstract 

Apoptosis  plays  an  important  role  in  the  pathogenesis  of  many 
viral  infections.  Despite  this  fact,  the  apoptotic  pathways 
triggered  during  viral  infections  are  incompieteiy  understood. 
We  now  provide  the  first  detailed  characterization  of  the 
pattern  of  caspase  activation  foiiowing  infection  with  a 
cytopiasmically  replicating  RNA  virus.  Reovirus  infection  of 
HEK293 cells  results  in  the  activation  of  caspase-8  followed  by 
cleavage  of  the  pro-apoptotic  protein  Bid.  This  initiates  the 
activation  of  the  mitochondrial  apoptotic  pathway  leading  to 
release  of  cytochrome  c  and  activation  of  caspase-9. 
Combined  activation  of  death  receptor  and  mitochondrial 
pathways  results  in  downstream  activation  of  effector 
caspases  including  caspase-3  and  caspase-7  and  cleavage 
of  cellular  substrates  including  PARP.  Apoptosis  is  initiated 
by  death  receptor  pathways  but  requires  mitochondrial 
amplification  producing  a  biphasic  pattern  of  caspase-8, 
Bid,  and  caspase-3  activation. 

Cell  Death  and  Differentiation  (2002)  9,  926-933.  doi:10.1038/ 
sj.cdd.4401045 
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Introduction 

Apoptosis  is  a  particular  type  of  cell  death  that  is  character¬ 
ized  by  distinctive  changes  in  cellular  morphology,  including 
cell  shrinkage,  zeiosis,  nuclear  condensation,  chromatin 
margination  and  subsequent  degradation  that  are  associated 
with  inter-nucleosomal  DNA  fragmentation.  Apoptosis  may  be 
initiated  by  a  wide  variety  of  cellular  insults,  including  death 
receptor  stimulation,  y-radiation,  and  cytotoxic  compounds. 
Induction  or  inhibition  of  apoptosis  is  an  important  feature  of 
many  types  of  viral  Infection,  both  in  vitro  and  in  vivo.  Despite 
this  fact,  the  mechanisms  of  virus-induced  apoptosis  remain 
largely  unknown.  This  is  particularly  true  for  RNA  viruses,  the 
majority  of  which  have  cytoplasmic  intracellular  sites  of 
replication  and  do  not  require  nuclear  Integrity  for  successful 
propogation. 

Mammalian  reoviruses  are  non-enveloped  double- 
stranded  RNA  viruses  whose  replication  occurs  exclusively 
in  the  cytoplasm.  Reoviruses  induce  apoptosis  in  a  wide 
variety  of  cultured  cells  in  v/fro.’  Apoptosis  also  plays  a 
critical  role  during  reovirus  infection  in  vivo,  and  is  the 
mechanism  of  virus-induced  tissue  injury  in  key  target 
organs,  including  the  central  nervous  system  and  heart.’-^-® 
Inhibition  of  apoptosis  dramatically  reduces  the  extent  of 
reovirus-induced  tissue  injury  in  wVo.® 

It  has  been  shown  recently  that  reovirus-induced 
apoptosis  requires  interaction  with  its  cell  surface  receptors 
including  junction  adhesion  molecule  (JAM).®  Apoptosis 
involves  the  tumor  necrosis  factor  (TNF)  superfamily  of  cell 
surface  death  receptors,  specifically  DR4,  DR5  and  their 
ligand,  TNF-related  apoptosis-inducing  ligand  (TRAIL),^ 
and  is  inhibited  by  anti-TRAIL  antibodies  or  soiuble  forms 
of  DR4  or  DR5  which  inhibit  interaction  of  TRAIL  with 
functional  cell  surface  DR4  and  DR5.^  The  contribution  of 
mitochondrial  apoptotic  pathways  to  this  process  has  been 
unknown,  as  has  the  exact  nature  of  the  caspase  cascades 
activated  and  their  inter-relationship. 

Apoptosis  induced  by  activation  of  ceil  surface  death 
receptors  (‘extrinsic  pathway’)  involves  the  formation  of  a 
death-induced  signaling  compiex  (DISC)  that  recruits  and 
activates  caspase-8.®  Activated  caspase-8  can,  in  turn, 
activate  downstream  effector  caspases  including  caspases- 
3  and  -7.  Mitochondria  play  a  central  role  in  an  ‘intrinsic’ 
pathway  of  apoptosis.  In  this  pathway,  apoptotic  stimuli 
enhance  mitochondrial  membrane  permeability  and  permit 
the  translocation  of  cytochrome  c  and  other  pro-apoptotic 
molecules  from  the  mitochondria  into  the  cytosol.®"’*  A 
cytosolic  complex  including  cytochrome  c  and  Apaf-1 
(apoptosome)  activates  caspase-9.’®  Activated  cai^ase-9, 
like  activated  caspase-8,  can  activate  additional  down¬ 
stream  effector  caspases  including  caspase-3.  The  intrinsic 
and  extrinsic  pathways  are  linked  by  Bid,  a  pro-apoptotic 
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Bcl-2  family  member.  Caspase-8-dependent  cleavage  of 
Bid  allows  this  protein  to  translocate  to  the  mitochondrion, 
where  it  directly  or  indirectly  facilitates  cytochrome  c 
release.’'^"’®  The  importance  of  the  mitochondrial  apoptotic 
pathway  in  augmenting  death-receptor  initiated  apoptosis 
can  be  assessed  by  studying  the  pattern  of  caspase 
activation  and  the  effects  of  Bcl-2  expression.  Death 
receptor-initiated,  mitochondrial-dependent  apoptosis  is 
generally  associated  with  early  low  level  activation  of 
caspase-8  and  is  inhibitable  by  Bcl-2.’®'®°  Conversely, 
mitochondrial-independent,  death  receptor-initiated  apopto¬ 
sis  is  associated  with  more  robust  caspase-8  activation  and 
is  not  inhibited  by  Bcl-2  expression.’®  ®® 

In  this  paper  we  provide  the  first  comprehensive 
characterization  of  the  pattern  of  caspase  activation 
following  infection  with  a  cytoplasmically  replicating  RNA 
virus.  We  show  that  reovirus  infection  results  in  the 
activation  of  death  receptor-  and  mitochondrial-associated 
initiator  caspases,  caspase-8  and  caspase-9.  Activation  of 
these  initiator  caspases  is  followed  by  activation  of  the 
effector  caspases  caspase-3  and  caspase-7.  Caspase-8- 
dependent  cleavage  of  the  Bid  provides  a  linkage  between 
the  death  receptor  and  mitochondrial  pathways  of  apoptosis 
following  reovirus  infection.  Inhibition  of  caspase-8  activa¬ 
tion  prevents  the  cleavage  of  Bid,  and  the  subsequent 
activation  of  the  mitochondrial  pathway.  Both  the  mitochon¬ 
drial  and  death  receptor-initiated  pathways  are  essential  for 
reovirus-induced  apoptosis  as  inhibition  of  death  receptor 
pathways  by  over-expression  of  dominant  negative  FADD 
(FADD-DN)  or  of  mitochondrial  pathways  by  over-expres¬ 
sion  of  Bcl-2  prevents  reovirus-induced  effector  caspase 
activation.  Consistent  with  this  model,  cell  permeable 
inhibitors  of  both  group  II  caspases  (caspase-2,  -3,  and  - 
7)  and  group  III  caspases  (caspase-6,  -8,  and  -9)  but  not  of 
group  I  caspases  (caspase-1,  -4,  and  -5)  inhibit  reovirus- 
induced  caspase-3  activation.  These  studies  provide  not 
only  a  comprehensive  profile  of  caspase  activation 
following  virus  infection,  but  also  the  first  demonstration 
that  both  death  receptor  and  mitochondrial  pathways  can 
play  an  essential  role  in  virus-induced  apoptosis. 


Results 

Caspase-8  Is  activated  following  reovirus  infection 

Apoptosis  Initiated  via  TNF  receptor  supeilamiiy  cell  death 
receptors  involves  the  adaptor  molecule  FADD  and  subse¬ 
quent  activation  of  caspases,  starting  with  the  initiator 
caspase,  caspase-8.^^  We  therefore  wanted  to  examine 
whether  reovirus  infection  induced  the  activation  of  caspase- 
8.  As  shown  in  Figure  1a,  reovirus  infection  induces  the 
activation  of  caspase-8  as  evidenced  by  the  disappearance  of 
the  full-length  proenzyme  (seen  as  a  55/54  kD  doublet).  The 
reduction  in  caspase-8  immunoreactivity  appeared  to  be  bi- 
phasic.  A  first  phase  of  activation  was  detectable  as  early  as 
8  h  post-infection.  A  second,  more  intense  phase  of  activation 
began  at  22  h  post-infection  and  continued  through  ^34  h 
(Figure  1a,b).  No  cellular  morphological  changes  were 
observed  correlating  with  the  early  phase  of  caspase-8 
activation. 
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Figure  1  Reovirus  infection  induces  the  activation  of  caspase-8.  HEK  293 
lysates  were  prepared  at  the  indicated  times  points  from  mock-infected  or 
reovirus-infected  cells  and  probed  with  anti-caspase-8  antibodies  and  anti- 
actin  antibodies  (a).  Control  lanes  represent  Jurkat  cell  lysates  untreated  (-) 
or  treated  (+)  with  activating  anti-Fas  antibody  and  harvested  at  8h  post 
treatment.  The  Western  is  representative  of  two  separate  experiments.  The 
graph  displays  densitometric  analysis  of  the  virus-infected  Western  blot 
analysis  (b).  Values  are  expressed  as  arbitrary  densitometric  units 


Reovirus  infection  is  associated  with  release  of 
mitochondrial  cytochrome  c  and  activation  of 
caspase-9 

Reovirus-induced  activation  of  caspase-8  reveaied  a  biphasic 
pattern.  This  suggested  that  apoptosis  signais  initiated 
through  the  death  receptor  pathway  might  be  amplified  by 
other  apoptotic  pathways.  We  therefore  looked  for  evidence 
that  reovirus  infection  activated  mitochondriai-associated 
apoptotic  signaling  pathways.  We  first  wished  to  determine 
whether  reovirus  infection  was  associated  with  release  of 
cytochrome  c  and  activation  of  caspase-9.  Mitochondria-free 
lysates  were  prepared  from  both  mock-  and  reovirus-infected 
cells  at  the  indicated  time  points  and  analyzed  by  Western  blot 
for  the  presence  of  cytosolic  cytochrome  c  (Figure  2).  Blots 
were  probed  with  antisera  directed  against  the  mitochondrial 
integral  membrane  protein  cytochrome  c  oxidase  (subunit  II) 
to  detect  potential  mitochondrial  contamination  of  the 
samples.  Cytosolic  cytochrome  c  is  detected  in  reovirus- 
infected  cells  at  ~10  h  post-infection  (Figure  2a).  In  order  to 
determine  whether  cytochrome  c  release  was  dependent  on 
death  receptor-initiated  signaling,  we  also  examined  the 
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cellular  localization  of  mitochondrial  cytochrome  c  following 
reovirus  infection  in  FADD-DN  expressing  cells.  As  shown  in 
Figure  2b,  cytochrome  c  is  found  at  only  trace  levels  in  the 
cytoplasm  of  reovirus-infected  FADD-DN  expressing  cells. 
These  results  indicate  that  caspase-8  activation  occurs 
upstream  of,  and  is  required  for,  the  release  of  cytochrome 
c.  We  next  wished  to  determine  whether  caspase-9  was 
activated.  Activation  of  caspase-9  involves  the  cleavage  of 
the  46  kD  pro-enzyme  into  a  37  kD  active  fragment.  Activated 
caspase-9  was  first  detectable  In  reovirus-infected  cells  at 
10  h  post-infection  (Figure  3),  and  was  not  detected  in  mock- 
infected  cells.  Activation  increased  steadily  from  10  to  18  h 
and  then  persisted  for  ^32  h. 
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Figure  2  Cytochrome  c  is  present  in  the  cytosol  of  reovirus  infected  cells. 
HEK  293  cell  lysates  (a)  and  FADD-DN  expressing  HEK  293  cells  lysates  (b) 
were  prepared  at  the  indicated  time  points  as  described  (see  Materials  and 
Methods)  and  resolved  using  SDS-PAGE.  Western  blot  analysis  was 
performed  using  anti-cytochrome  c  antibodies  and  anti-cytochrome  c  oxidase 
(subunit  II)  and  are  representative  of  three  separate  experiments 
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Figure  3  Caspase-9  Is  activated  In  reovirus-infected  cells.  HEK  293  cell 
lysates  were  prepared  from  mock-infected  or  reovirus-infected  cells  at  the 
Indicated  time  points  and  resolved  by  SDS-PAGE.  Western  blot  analysis  was 
performed  using  antl-caspase-9  antibodies  and  the  blot  Is  representative  of 
three  separate  experiments 


Bid  Is  cleaved  following  reovirus  infection 

Bid  is  a  pro-apoptotic  member  of  the  Bcl-2  protein  family. 
Activation  of  both  Fas  receptor  by  Fas  and  DR4/DR5  by 
TRAIL  can  induce  caspase-8  dependent  cleavage  of 
Bid, 15.17, 18  Qieaved  Bid  can  facilitate  the  release  of 
cytochrome  cfrom  the  mitochondrion  and  lead  to  subsequent 
apoptosome-mediated  activation  of  caspase-9.^®  We  wished 
to  determine  whether  Bid  was  cleaved  following  reovirus 
infection,  and  if  this  cleavage  depended  on  caspase-8 
activation.  Western  blot  analysis  revealed  that  full-length  Bid 
levels  remain  relatively  unchanged  in  mock-infected  cells 
(Figure  4a).  However,  following  reovirus  infection  there  was  a 
biphasic  pattern  of  Bid  cleavage,  analogous  to  that  seen  with 
caspase-8  (Figure  4a).  Loss  of  the  full  length  immunoreactive 
Bid  was  first  detected  as  early  as  lOh  post-infection.  A 
second  phase  of  Bid  cleavage  began  at  26  h  post-infection 
and  continued  through  ^40  h  (Figure  4a, b).  In  order  to 
determine  whether  Bid  cleavage  was  dependent  on  caspase- 
8  activation,  we  examined  levels  of  immunoreactive  Bid  in 
cells  in  which  caspase-8  activation  was  blocked  by  stable 
expression  of  DN-FADD.  FADD-DN  expression  completely 
inhibited  reovirus-induced  Bid  cleavage,  indicating  that  Bid 
cleavage  is  caspase-8  dependent  (Figure  4c). 

Reovirus  infection  is  associated  with  activation  of 
caspase-3  and  caspase-7 

Effector  caspases,  including  caspases-3,  -6  and  -7,  form  part 
of  the  final  common  pathway  for  death  receptor  and 
mitochondrial  apoptotic  pathways.  Having  shown  that  reovirus 
infection  resulted  in  activation  of  both  death  receptor  and 
mitochondrion-associated  initiator  caspases  we  next  wished 
to  determine  which  effector  caspases  were  activated. 
Caspase-3  activation  was  evaluated  by  Western  blot,  using 
an  antibody  specific  for  the  activated  form  of  the  enzyme. 
Activation  of  caspase-3  is  associated  with  the  appearance  of 
specific  cleavage  product  at  -^20  kD  representing  the  large 
subunit  of  active  caspase-3.  As  shown  In  Figure  5a,  this 
fragment  appears  beginning  at  ^8  h  post-infection  in  reovirus 
Infected  cells,  but  not  In  the  mock  infected  controls.  There  is  a 
biphasic  activation  profile,  with  the  initial  activation  phase 
beginning  at  8  h  post-infection  and  a  second,  more  intense 
activation  phase  beginning  at  24  h  post-infection  (Figure  5a). 
A  similar  pattern  of  caspase  activation  was  seen  in  fluorogenic 
substrate  assays  using  a  caspase-3  specific  substrate 
(DEVD-AFC)  (see  Figure  6c).  An  initial  phase  of  activation  at 
6-12  h  was  followed  by  a  rapid  activation  peak  12-18  h. 
Activated  caspase-3  cleaves  a  variety  of  cellular  substrates  to 
induce  the  morphological  hallmarks  of  apoptosis.  We  there¬ 
fore  examined  the  cleavage  of  PARP.  PARP  is  cleaved  by 
caspase-3  from  the  full-length  116  kD  protein  to  an  85  kD 
Inactive  fragment.  As  shown  In  Figure  5b,  PARP  cleavage 
exceeding  that  seen  in  mock-infected  cells  was  first  detectable 
at  14  h  post-infection  and  persisted  until  >20  h  post-infection. 
These  experiments  established  that  reovirus  infection  results 
in  activation  of  the  effector  caspase,  caspase-3  and  Is 
associated  with  cleavage  of  cellular  substrates  of  caspase-3. 

Other  effector  caspases  may  also  be  activated  down¬ 
stream  of  caspase-8  and  caspase-9.  Therefore,  we 
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Figure  4  Reovirus  infection  leads  to  cleavage  of  full-length  Bid.  Lysates  were 
prepared  at  the  Indicated  time  points  from  mock-infected  or  reovirus-infected 
HEK  293  cells  (a)  and  reovirus  infected  FADD-DN  expressing  HEK  293  cells 
(c)  and  probed  with  anti-BId  antibodies  and  anti-actin  antibodies.  Each 
Western  blot  is  representative  of  two  separate  experiments.  The  graph 
displays  densltometric  analysis  of  the  virus-infected  Western  blot  analysis  (b). 
Values  are  expressed  as  arbitrary  densitometric  units 


examined  the  activation  state  of  two  other  effector 
caspases,  caspase-6  and  caspase-7.  We  found  no 
evidence  by  immunoblot  of  caspase-6  activation  in 
reovirus-infected  cells  (data  not  shown).  Caspase-7  is 
activated  in  infected  cells  as  evidenced  by  the  detection 
of  the  20  kD  large  subunit  of  active  caspase-7  (Figure  5C). 
However,  caspase-7  activation  appears  to  occur  later  than 
activation  of  caspase-3,  and  the  amount  of  activation 
appears  less. 


\^rus-infected 

control 

+  ■  0  4  8  12  16  20  24  28  32  36  40  44  hours  post  infection 

20kD-  ^  _ I-  'i  wr  A  -active caspase-7 

Figure  5  Reovirus  infection  leads  to  activation  of  caspase-3.  Western  blot 
analysis  was  performed  using  HEK  293  lysates  harvested  at  the  Indicated  time 
points  from  mock-infected  and  reovirus-infected  cells  and  probed  with  anti- 
caspase-3  antibodies  (a),  anti-PARP  antibodies  (b),  or  anti-caspase-7 
antibodies  (c).  Control  lanes  represent  Jurkat  cell  lysates  untreated  (-)  or 
treated  (+)  with  activating  antl-Fas  antibody  and  harvested  at  8h  post 
treatment.  Each  Western  Is  representative  of  two  separate  experiments 


In  order  to  determine  whether  activation  of  effector 
caspases  was  completely  dependent  on  the  initial  activa¬ 
tion  of  death-receptor  mediated  pathways,  we  examined 
effector  caspase  activation  in  cells  stably  expressing  DN- 
FADD.  As  shown  in  Figure  6a,  the  activation  of  both 
caspase-3  and  caspase-7  is  blocked  in  cells  stably 
expressing  DN-FADD.  Gaspase-3  activity,  as  measured  In 
a  fiuorogenic  substrate  assay,  is  almost  completely 
inhibited  in  these  cells  (Figure  6c).  This  suggests  that 
activation  of  death-receptor  initiated  apoptotic  signaling 
pathways  is  required  for  reovirus-induced  effector  caspase 
activation  and  apoptosis. 


Cell  Death  and  Differentiation 


930 


Reovirus-induced  caspase  activation 

DJ  Kominsky  et  a/ 


a 

control 

I  +  0  4  8  12  16  20  24  28  32  36  40  hours  post  infection 

20  kD  -  ;•  ,,  v.',  ■.  j;,';':  -  active  caspase-3 


control 

t  +  0  4  8  12  16  20  24  28  32  36  40  hours  post  infection 

^  -  active  caspase-7 

b 

control 

•  +  0  4  8  12  16  20  24  28  32  36  40  44  hours  post  infection 

20  kD-  ...  -  active  caspase-3 


control 


>  +  0  4  8  12  16  20  24  28  32  hours  post  infection 


20  kD 


-  active  caspase-7 


Ohr  6hf  t2hr  IBIir  .  24hr 


time  post  infection 

Figure  6  Effector  caspase  activation  in  inhibited  in  FADD-DN  and  Bcl-2  over¬ 
expressing  cells.  Western  blot  analysis  was  performed  using  cell  lysates 
prepared  from  reovirus-infected  FADD-DN  over-expressing  cells  (a)  or  Bcl-2 
overexpressing  cells  (b)  at  the  indicated  time  points  and  probed  with  anti- 
caspase-3  antibodies  and  anti-caspase-7  antibodies.  Control  lanes  represent 
Jurkat  cell  lysates  untreated  {-)  or  treated  (+)  with  activating  anti-Fas 
antibody  and  harvested  at  8  h  post  treatment.  Western  blots  are  representative 
of  two  separate  experiments.  Fluorogenic  substrate  assays  (c)  were 
performed  in  triplicate.  Error  bars  represent  standard  error  of  the  mean. 
Fluorescence  is  expressed  as  arbitrary  units 


Bcl-2  overexpression  inhibits  effector  caspase 
activation  following  reovirus  infection 

Experiments  with  FADD-DN  indicated  that  death-receptor 
pathways  were  necessary  for  reovirus-induced  apoptosis. 
Activation  of  both  caspase-8  and  Bid  showed  a  biphasic 
pattern  with  an  early  activation  phase  at  8  - 10  h  followed  by  a 
later  activation  phase.  Reovirus-induced  initiation  of  mito¬ 
chondrial  apoptotic  pathways  occurred  downstream  of 
caspase-8  activation,  began  slightly  later  following  infection, 
and  was  not  biphasic.  This  suggested  that  mitochondrial 


apoptotic  pathways  might  play  a  central  role  in  amplifying 
death  receptor-initiated  signaling.  The  capacity  of  Bcl-2  to 
inhibit  apoptosis  has  been  used  as  evidence  suggesting  an 
essential  role  for  mitochondrial  apoptotic  pathways."*®’^®  We 
wished  to  determine  whether  Bcl-2  over-expression  in  HEK 
cells  inhibited  caspase  activation.  Caspase  activation  was 
examined  using  both  Western  blot  analysis  and  fluorogenic 
substrate  assays.  As  shown  in  Figure  6b,  activation  of  both 
caspase-3  and  caspase-7  is  inhibited  in  ceils  over-expressing 
Bcl-2.  The  late  phase  of  caspase-8  activation  was  also 
inhibited  in  these  cells  although  the  low  level  early  phase  of 
caspase-8  activation  was  preserved  (data  not  shown). 
Caspase-3  activity,  as  measured  in  a  fluorogenic  substrate 
assay,  is  also  significantly  reduced  in  these  cells  (Figure  6c). 
However,  the  pattern  of  inhibition  differs  from  that  seen  in  cells 
stably  expressing  DN-FADD.  In  Bcl-2  expressing  cells  there  is 
some  residual  caspase-3  activation  suggesting  that  death 
receptor-mediated  apoptotic  pathways  can  induce  low  levels 
of  effector  caspase  activation,  but  full  induction  requires 
augmentation  by  mitochondrial  apoptotic  pathways.  This  low 
level  of  caspase-3  activation  in  Bcl-2  overexpressing  cells 
was  not  reflected  in  cellular  morphology. 

Effects  of  synthetic  caspase  peptide  inhibitors  on 
caspase-3  activation 

Caspases  can  be  categorized  into  three  major  groups  based 
on  their  pattern  of  substrate  specificity Group  I  includes 
caspase-1,  -4,  and  5;  group  II  includes  caspase-2,  -3,  and  7; 
group  III  includes  caspase-6,  -8  and  -9.  Cell  permeable, 
reversible,  peptide  caspase  inhibitors  have  been  developed 
based  on  these  caspase  substrate  profiles.®^’^®  We  tested  the 
capacity  of  three  reversible  cell  permeable  caspase  Inhibitors 
with  specificity  for  group  I  (Ac-YVAD-CHO),  group  II  (Ac- 
DEVD-CHO),  and  group  III  (Ac-IETD-CHO)  caspases  to 
inhibit  reovirus-induced  caspase-3  activation  at  18  h  post¬ 
infection.  As  shown  in  Figure  7,  the  group  II  inhibitor  Ac- 
DEVD-CHO  completely  inhibited  reovirus-induced  caspase-3 
activity  at  a  concentration  of  10  ^M.  The  group  I  inhibitor  (Ac- 
YVAD-CHO)  had  no  effect  on  caspase-3  activation,  consis¬ 
tent  with  a  lack  of  involvement  of  caspases-1,  -4  or  -5  in 
reovirus-induced  apoptosis.  The  group  III  inhibitor  Ac-IETD- 
CHO  achieved  maximal  inhibition  of  reovirus-induced  cas¬ 
pase-3  activation  at  a  concentration  of  5  fM.  However,  the 
maximum  degree  of  inhibition  (65%)  was  not  as  high  as  that 
seen  with  the  group  II  inhibitor.  These  data  suggest  that  while 
the  activation  of  group  III  caspases,  including  caspase-8  and  - 
9,  Is  critically  important  to  reovirus-induced  apoptosis  that 
other  as  yet  unidentified  caspases  may  also  contribute  to 
caspase-3  activation.  However,  the  fact  that  expression  of 
DN-FADD  was  as  effective  as  treatment  with  the  group  II 
inhibitor  Ac-DEVD-CHO  in  blocking  caspase-3  activation, 
suggests  that  the  apical  caspases  that  contribute  to  caspase- 
3  activation  all  depend  on  an  Initial  death-receptor  initiated 
caspase  activation  signal. 


Discussion 

Understanding  the  mechanisms  of  virus-induced  apoptosis  is 
crucial  to  understanding  how  viruses  injure  target  tissues  and 
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Figure  7  Synthetic  peptide  inhibition  of  DEVD-specific  caspase  activation. 
HEK  293  cells  were  pretreated  with  the  synthetic  peptide  inhibitors  at  the 
concentrations  shown  for  1h  prior  to  reovirus  Infection  (M.O.I.  100). 
Fluorogenic  substrate  assays  were  performed  at  18  h  post  infection.  Values 
are  expressed  as  per  cent  inhibition  where  untreated  reovirus-infected  celts 
represent  0%  inhibition  and  mock-infected  cells  represent  100%  inhibition 


induce  disease.  The  exact  pathways  leading  to  virus-induced 
apoptosis  are  still  incompletely  understood.  Since  caspases 
play  a  central  role  in  virtually  all  known  apoptotic  signaling 
pathways,  it  is  not  surprising  that  they  have  been  implicated  in 
virus-induced  apoptosis.  Pancaspase  peptide  inhibitors  have 
been  shown  to  inhibit  apoptosis  induced  by  viruses  as  diverse 
as  Sindbls,^"^'^®  HIV-1  Herpes  simplex  virus  type  1,^® 
influenza, Sendai,®®  and  TGEV 

The  events  that  initiate  caspase  activation  in  virus- 
infected  cells  are  still  incompletely  understood.  Activation  of 
caspase-8  plays  an  important  role  in  apoptosis  induced  by 
HIV-1,®®  influenza,®®  Sendai,®®  and  Sindbis,®"^  suggesting 
that  death-receptor  initiated  processes  may  be  important  in 
apoptosis  induced  by  these  viruses. 

Many  forms  of  virus-induced  apoptosis  are  inhibited  by 
anti-apoptotic  members  of  the  BcI-2  family.®®"®®  One  of  the 
most  thoroughly  investigated  mechanisms  for  the  anti- 
apoptotic  actions  of  Bcl-2  involves  its  inhibition  of  the 
release  of  cytochrome  c  from  mitochondria.®®’®’'  Abnormal¬ 
ities  of  mitochondrial  transmembrane  potential  and  release 
of  cytochrome  c  have  been  described  following  infection 
with  HIV,®®  TGEV,®^  chicken  anemia  virus,®®  and  herpes 
simplex  virus.®®  These  studies  suggest  that  both  mitochon¬ 
drial  and  death-receptor  mediated  pathways  may  play  an 
important  role  in  virus-induced  apoptosis. 

Reovirus-induced  apoptosis  involves  the  DR4/DR5/ 
TRAIL  system  of  cell  surface  death  receptors.^  In  this 
study  we  found  that  caspase-8  was  activated  within  8  h  of 
reovirus  infection.  The  activation  of  caspase-8  occurs  in 
two  distinct  phases,  consistent  with  a  model  In  which  initial 
death-receptor  mediated  activation  of  caspase-8  is  subse¬ 
quently  augmented  by  activation  of  caspase-9  or  other 
caspases  (discussed  below).  Following  activation,  caspase- 
8  cleaves  Bid,  a  pro^apoptotic  Bcl-2  family  protein.  Cleaved 
Bid  provides  an  essential  link  between  reovirus-induced 
death-receptor  mediated  caspase-8  activation  and  activa¬ 


tion  of  mitochondrial  pathways.  Inhibition  of  caspase-8 
activation  by  over-expression  of  DN-FADD  prevented  Bid 
cleavage,  suggesting  that  reovirus  infection  also  activated 
the  mitochondrial  apoptotic  pathway.  Cytochrome  c  was 
found  to  be  present  In  the  cytoplasm  of  infected  cells  at 
'^lOh  post  infection.  Additionally,  cytochrome  c  release 
was  blocked  in  FADD-DN  expressing  cells  suggesting  that 
this  event  requires  caspase-8.  We  also  found  that  caspase- 
9  Is  activated  at  -^12  h  post  Infection. 

Having  shown  that  reovirus  infection  was  associated 
with  activation  of  both  death-receptor  and  mitochondrial- 
associated  initiator  caspases,  we  next  wished  to  determine 
which  effector  caspases  were  subsequently  activated.  Here 
we  show  that  the  effector  caspase,  caspase-3  is  activated 
beginning  at  <^8  h  post  Infection  and  peaking  at  --18  h 
post  infection.  Additionally,  caspase-7  was  activated  in 
reovirus-infected  cells,  although  this  event  occurs  later  than 
caspase-3  activation.  Another  effector  caspase,  caspase-6, 
was  not  activated  in  reovirus-infected  cells. 

There  is  evidence  that  although  mitochondrial  cyto¬ 
chrome  c  release  and  caspase-9  activation  occur  down¬ 
stream  of  death  receptor  stimulation,  that  these  events  are 
not  necessarily  required  for  all  forms  of  death-receptor 
initiated  apoptosis.**®  ®®  Therefore  we  examined  the  effects 
of  Bcl-2  overexpression  on  effector  caspase  activation 
following  reovirus  infection.  Bcl-2  overexpression  inhibits 
the  activation  of  both  caspase-3  and  caspase-7,  as  well  as 
the  second  phase  of  caspase-8  activation.  This  data  Is 
consistent  with  earlier  studies  suggesting  that  reovirus- 
induced  apoptosis  could  be  inhibited  in  MOCK  cells  over¬ 
expressing  Bcl-2.®  This  provides  conclusive  evidence  of  the 
importance  of  the  mitochondrial  apoptotic  pathway  in 
reovirus-induced  cell  death. 

Caspases  can  be  broadly  grouped  into  three  categories 
based  on  their  pattern  of  substrate  specificity.®®*®®  A  group 
li  caspase  Inhibitor  completely  blocked  reovirus-induced 
caspase-3  activity  at  low  concentrations.  This  result  is 
consistent  with  the  known  activation  of  caspases-3  and  -7 
in  reovirus  infection.  A  group  I  caspase  inhibitor  had  no 
effect,  even  at  high  concentrations.  This  suggested  that 
caspases-1,  -4  and  -5  do  not  play  a  significant  role  in 
reovirus-induced  apoptosis.  A  group  III  caspase  inhibitor 
significantly  reduced  caspase-3  activity,  but  its  effect  was 
only  partial  when  compared  to  the  group  II  inhibitor.  This 
result  was  consistent  with  our  observation  that  caspase’8 
and  -9  were  involved  In  reovirus-induced  caspase-3 
activation.  The  lack  of  complete  inhibition  of  caspase-3 
activation  by  the  group  ill  inhibitor  suggests  that  additional, 
as  yet  unidentified,  caspases  may  also  contribute  to 
reovirus-induced  caspase-3  activation.  However,  the  com¬ 
plete  inhibition  of  caspase-3  activation  seen  in  cells 
expressing  DN-FADD  suggests  that  death  receptor  activa¬ 
tion  is  the  key  initiating  event  in  all  reovirus-induced 
caspase  activation  cascades  that  ultimately  contribute  to 
effector  caspase  activation. 

Our  data  provides  the  first  comprehensive  model  of  the 
events  leading  to  apoptosis  when  cells  are  infected  with  a 
non-enveloped  RNA  virus  whose  replication  cycle  occurs 
entirely  within  the  cytoplasm  (Figure  8).  Apoptosis  is 
initiated  through  cell  surface  death  receptors  leading  to 
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Figure  8  Schematic  representation  of  reovirus-induced  apoptosis  pathways. 
Reovlrus  Infection  promotes  release  of  cell-associated  TRAIL  and  DR4/DR5- 
dependent  apoptosis.  An  early  phase  of  caspase-8  activation  leads  to 
cleavage  of  Bid  and  low  level  activation  of  caspase-3  (dashed  arrows).  This  Is 
followed  by  a  second  phase  of  caspase  activation  in  which  release  of 
cytochrome  c  activates  caspase-9  inducing  further  caspase-8  activation  (solid 
arrows).  Caspase-8  and  caspase-9  contribute  to  effector  caspase  activation 


the  activation  of  caspase-8.  Caspase-8  activation  is 
essential  for  virus-induced  apoptosis,  and  inhibition  of  this 
activation  in  cells  stably  expressing  DN-FADD  completely 
Inhibits  reovirus-Induced  effector  caspase  activation.  Cas- 
pase-8  activation  results  in  cleavage  of  Bid  and  activation 
of  mitochondrial  apoptotic  pathways.  Activation  of  caspase- 
8  In  the  absence  of  augmentation  from  the  mitochondrial 
pathway,  as  occurs  in  cells  stably  expressing  Bcl-2,  results 
in  only  low  levels  of  effector  caspase  activation.  These 
results  are  consistent  with  the  biphasic  pattern  of  activation 
of  caspase-8,  Bid,  and  caspase-3.  Early  activation  of 
caspase-8  and  Bid  induces  the  mitochondrial  pathway 
which  in  turn  amplifies  caspase-8  and  Bid  activation 
allowing  full  expression  of  apoptosis. 


Materials  and  Methods 

Reagents 

Anti-cytochrome  c  (7H8.2C12)  (1:1000),  anti-PARP  (C2-10) 
(1:2000),  anti-caspase-6  (B93-4)  (1:1000),  anti-caspase-8  (B9-2) 
(1 :2000),  and  anti-caspase-9  (1 :1000)  antibodies  were  purchased 
from  Pharmingen  (San  Diego,  CA,  USA).  Anti-caspase-3  (1 : 1000)  and 
antl-caspase-7  (1:1000)  were  purchased  from  Cell  Signaling 
Technology  (Beverly,  MA,  USA).  Anti-Bid  antibodies  (1:1000)  were 
from  Trevigen  (Gaithersburg,  MD,  USA).  Antl-actin  antibodies  (JLA20) 
(1 :5000)  were  from  Calbiochem  (Darmstadt,  Germany).  Anti-human 
cytochrome  c  oxidase  (subunit  II)  antibodies  (12C4-F12)  (1:1000) 
were  from  Molecular  Probes  (Eugene,  OR,  USA).  Anti-Fas  antibody 
(CH-11)  was  from  Upstate  Biotechnology  (Lake  Placid,  NY,  USA). 
Caspase  synthetic  peptide  inhibitors  used  were  caspase-3  Inhibitor  I 
(cell  permeable),  caspase-8  Inhibitor  I  (cell  permeable),  and  caspase- 
1  Inhibitor  I  (cell  permeable)  (Calbiochem,  Darmstadt,  Germany). 
ApoAlert  caspase-3  fluorometric  assay  kit  was  purchased  from 
Clontech  (Palo  Alto,  CA,  USA). 


Cells,  virus,  and  DNA  constructs 

HEK293  ceils  (ATCC  CRL1573)  were  grown  in  Dulbecco's  modified 
Eagle’s  medium  (DMEM)  supplemented  with  lOOU/ml  each  of 
penicillin  and  streptomycin  and  containing  10%  fetal  bovine  serum. 
Jurkat  cells  were  a  gift  of  Dr.  John  Cohen  and  were  grown  in  RPMI 
supplemented  with  100  U/ml  each  of  penicillin  and  streptomycin  and 
containing  10%  fetal  bovine  serum,  FADD-DN  cells  were  a  gift  of  Dr. 
Gary  Johnson  and  express  amino  acids  80-208  of  the  FADD  cDNA 
(with  the  addition  of  an  AU1  epitope  tag  at  the  N-termlnus)  from  the 
CMV  promoter  of  pcDNA3  (Invitrogen,  Carlsbad,  CA,  USA).  HEK  293 
cells  stably  over-expressing  Bcl-2  were  provided  by  Dr.  Gary  Johnson. 
The  cell  line  was  constructed  by  cloning  full-length  Bcl-2  into  the  pLXSN 
vector  and  transfecting  cells  via  retroviral  transduction.  Reovlrus  (Type 
3  Abney,  T3A)  Is  a  laboratory  stock,  which  has  been  plaque  purified  and 
passaged  (twice)  in  L929  cells  (ATCC  CCL1)  to  generate  working 
stocks."*®  All  experiments  were  performed  using  an  M.O.I.  of  100.  High 
M.O.I.s  were  chosen  to  Insure  synchronized  infection  of  all  susceptible 
cells,  and  to  maximize  the  apoptotic  stimulus. 

Western  blot  analysis 

Reovirus-infected  cells  were  harvested  at  the  Indicated  times,  pelleted 
by  centrifugation,  washed  with  ice-cold  phosphate-buffered  saline, 
and  lysed  by  sonication  in  150  (i\  of  lysis  buffer  (1%  NP40,  0.15  M 
NaCl,  5.0  mM  EDTA,  0.01  M  Tris  (pH  8.0),  1.0  mM  PMSF,  0.02  mg/ml 
leupeptin,  0.02  mg/ml  trypsin  Inhibitor).  Lysates  were  cleared  by 
centrifugation  (20  000  x  g,  2  min),  mixed  1 : 1  with  SDS  sample  buffer, 
boiled  for  5  min,  and  stored  at  -70°C.  To  prepare  mitochondrial-free 
extracts,  cells  were  pelleted,  washed  twice  in  ice-cold  PBS,  and 
incubated  on  Ice  for  30  min  in  buffer  containing  220  mM  mannitol, 
68  mM  sucrose,  50  mM  PIPES-KOH  (pH  7.4),  50  mM  KCI,  5  mM 
EGTA,  2  mM  MgCl2,  1  mM  DTT,  and  protease  Inhibitors  (complete 
cocktail,  Boehringer  Mannheim,  Indianapolis,  IN,  USA).  Cells  were 
lysed  using  40  strokes  in  a  Dounce  homogenizer  (B  pestle).  Lysates 
were  centrifuged  at  14  000  xg  for  15  min  at  4°C  to  remove  debris. 
Supernatants  and  mitochondrial  pellets  were  prepared  for  electro¬ 
phoresis  as  above.  Proteins  were  separated  by  SDS -PAGE 
electrophoresis  and  transferred  to  Hybond-c  extra  nitrocellulose 
membrane  (Amersham,  Buckinghamshire,  UK)  for  Immunobloting. 
Blots  were  then  probed  with  the  specified  antibodies  at  the  dilutions 
described  above.  Proteins  were  visualized  using  the  ECL  detection 
system  (Amersham,  Buckinghamshire,  UK).  Densitometric  analysis 
was  performed  using  a  FluorS  Multilmager  system  and  Quantity  One 
software  (Bio-Rad,  Hercules,  CA,  USA). 

Caspase-3  activation  assays 

Caspase-3  activation  assays  were  performed  using  a  kit  obtained  from 
Clontech  (Palo  Alto,  CA,  USA).  Experiments  were  performed  using 
1x10®  cells/time  point.  Cells  were  centrifuged  at  200  x  g,  supernatants 
were  removed,  and  the  cell  pellets  were  frozen  at  -  70°C  until  all  the  time 
points  were  collected.  Assays  were  performed  In  96-welI  plates  and 
analyzed  using  a  fluorescent  plate  reader  (CytoFiuor  4000,  PerSeptive 
Biosystems,  Framingham,  MA,  USA).  Cleavage  of  DEVD-AFC,  a 
synthetic  caspase-3  substrate,  was  used  to  determine  caspase-3 
activation.  Cleavage  after  the  second  Asp  residue  produces  free  AFC. 
The  amount  of  fluorescence  detected  is  directly  proportional  to  amount 
of  caspase-3  activity.  Because  all  of  the  fluorogenic  substrate  assay 
experiments  were  performed  at  the  same  time,  both  the  mock  and 
reovirus-induced  caspase-3  activation  profiles  are  the  same  in  all  of 
these  experiments  and  are  Included  in  each  figure  to  facilitate 
comparisons.  Results  of  all  experiments  are  reported  as  means  ±  S.  E.M. 
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Abstract 

Polymerase  chain  reaction  (PCR)  analysis  of  cerebrospinal  fluid  (CSF)  has  revolutionized  the  diagnosis  of  nervous 
system  viral  infections,  particularly  those  caused  by  human  herpesviruses  (HHV).  The  PCR  technique  allows  the 
detection  of  minute  quantities  of  DNA  or  RNA  in  body  fluids  and  tissues.  Both  fresh-frozen  and  formalin-fixed 
tissues  may  be  utilized  for  PCR  assays,  with  the  latter  making  archival  studies  possible.  CSF  PCR  has  now  replaced 
brain  biopsy  as  the  gold  standard  for  the  diagnosis  of  herpes  simplex  virus  (HSV)  encephalitis.  PCR  analysis  of  both 
CSF  and  nervous  system  tissues  has  also  broadened  our  understanding  of  the  spectrum  of  disease  caused  by  HSV-1 
and  -2,  cytomegalovirus  (CMV),  Epstein-Barr  virus  (EBV),  varicella  zoster  virus  (VZV)  and  HHV-6.  PCR  results 
obtained  from  tissue  specimens  must  be  interpreted  cautiously,  since  this  highly  sensitive  technique  may  detect 
portions  of  viral  genomic  material  that  may  be  present  even  in  the  absence  of  active  viral  infection.  Tissue  PCR 
results  in  particular  must  be  corroborated  with  clinical  and  neuropathologic  evidence  of  central  nervous  system  (CNS) 
infection.  In  several  neurological  diseases,  negative  PCR  results  have  provided  evidence  against  a  role  for  her¬ 
pesviruses  as  the  causative  agents.  This  review  summarizes  the  role  of  CSF  PCR  in  the  diagnosis  and  therapeutic 
management  of  herpesvirus  infections  of  the  nervous  system,  particularly  those  caused  by  HSV  and  VZV.  ©  2002 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Polymerase  chain  reaction;  Viral  infections;  Nervous  system;  Cerebrospinal  fluid;  Herpes  simplex  virus;  Varicella  zoster 
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1.  Polymerase  chain  reaction  (PCR):  background 
and  technical  issues 

PCR  can  be  applied  to  the  diagnosis  of  any 
disease  in  which  nucleic  acid  (e.g.  DNA,  RNA)  or 
their  expression  as  messenger  RNA  (mRNA) 
plays  a  role.  PCR  techniques  allow  the  in  vitro 
synthesis  of  millions  of  copies  of  a  specific  gene 
segment  of  interest,  allowing  the  rapid  detection 
of  as  few  as  one  to  10  copies  of  the  target  DNA 
from  the  original  sample.  The  widespread 
availability  of  an  in-house  test  in  most  hospitals, 
or  ready  access  to  a  reference  laboratory  has  led 
to  the  incorporation  of  PCR  testing  on  cere¬ 
brospinal  fluid  (CSF)  and  body  fluids  into  medical 
practice  in  the  United  States  and  other  developed 
countries. 

In  infectious  diseases,  PCR  is  ideally  suited  for 
identifying  fastidious  organisms  that  may  be 
difficult  or  impossible  to  culture  (DeBiasi  and 
Tyler,  1999).  The  technique  can  be  performed 
rapidly  and  inexpensively,  with  a  tumaroimd  time 
of  24  h  or  less  rather  than  the  standard  mininmiTn 
of  1-28  days  required  for  viral  culture.  Unlike  the 
traditional  culture  methods  that  may  yield  nega¬ 
tive  results  after  patient  receives  eveif  small  doses 
of  antiviral  drugs,  CSF  PCR  retains  its  sensitivity 
after  short  courses  of  antiviral  therapy  or  passive 
unmunization.  This  allows  the  prompt  initiation 
of  empiric  therapy  when  a  patient  &st  presents 
with  suspected  meningitis  or  encephalitis,  without 
potentially  compromising  definitive  <fiagnostic 
tests.  PCR  is  also  preferable  to  serological  testing, 
which  often  requires  2-4  weeks  after  acute  infec¬ 
tion  for  the  development  of  a  diagnostic  rise  in 
antibody  titers,  and  is  of  limited  value  for  viruses 
with  high  basal  seroprevalence  rates.  In  contrast 
to  serologic  testing,  CSF  PCR  yields  positive  re¬ 
sults  dtuing  acute  infection,  when  the  amount  of 
replicating  virus  is  maximal.  Finally,  CSF  PCR  is 
substantially  less  invasive  than  brain  biopsy, 
which  was  previously  the  gold  standard  for  the 
diagnosis  of  many  central  nervous  system  (CNS) 
herpesvirus  infections. 

The  exquisite  sensitivity  of  PCR  is  both  its 
greatest  virtue  and  greatest  potential  limitation.  A 
positive  CSF  PCR  result  indicates  the  presence  of 
viral  nucleic  acid  and  is,  in  general,  a  marker  of 


recent  or  ongoing  active  CNS  viral  infection  by 
that  particular  pathogen,  especially  in  an  im¬ 
munocompetent  individual  (Tyler,  1994).  False¬ 
positive  CSF  PCR  results,  in  which  a  positive 
result  does  not  indicate  active  CSF  infection,  chn 
occur  due  to  inadvertent  contamination  of  speci¬ 
mens  or  failure  to  properly  confirm  the  specificity 
of  the  amplified  product.  It  is  theoretically  possi¬ 
ble  that  positive  CSF  PCR  results  in  patients  with 
systemic  disease  and  traumatic  lumbar  punctures 
or  breakdown  of  the  blood-brain  barrier  may 
reflect  their  systemic  infection  rather  than  CNS 
disease,  although  data  on  this  point  are  lacking. 

Replicating  virus  and  viral  DNA  do  not  persist 
indefinitely,  so  that  the  CSF  PCR  test  becomes 
negative  over  time,  especially  in  immunocom¬ 
petent  patients  (Haanpaa  et  al.,  1998).  While  most 
CSF  testing  in  the  clinical  setting  of  suspected 
meningitis  or  meningoencephalomyelitis  is  per¬ 
formed  within  1-2  days  following  the  onset  of 
neurological  symptoms,  positive  test  results  can 
persist  for  2-4  weeks  after  the  onset  of  clinical 
disease  depending  on  the  virus  and  the  treatmeht 
initiated  (Weber  et  al.,  1996).  False-negative  tests 
can  occur  if  PCR  inhibitors  are  present  in  CSF. 
However,  modest  CSF  xanthochromia,  high 
protein  levels,  or  high  white  blood  cell  counts  do 
not  generally  have  a  negative  impact  on  CSF 
PCR  testing. 

CSF  PCR  testing  may  be  performed  on  fresh  or 
frozen  samples.  Refrigeration  for  a  few  hours  or 
even  days  does  not  appear  to  significantly  reduce 
the  yield  of  the  test  (Weinberg,  personal  commu¬ 
nication).  However,  viral  DNA  is  relatively  more 
stable  than  RNA  in  archived  samples.  The 
exquisite  sensitivity  of  the  technique  allows  the 
use  of  small  volumes  of  CSF  for  analysis  (i.e.  30 
pi),  although  laboratories  generally  request  at 
least  0.5  ml. 

Quantitative  PCR  by  several  techniques  is  in^ 
creasingly  being  applied  to  clinical  samples.  One 
technique  involves  the  use  of  internal  oligonucle¬ 
otides — labeled  at  one  end  with  a  fluorescent  dye 
and  at  the  other  end  with  a  quencher  dye — along 
with  the  PCR  primers  during  amplification.  Fluo¬ 
rescence  emitted  during  PCR  is  measured  and 
directly  correlated  to  the  number  of  copies  of  the 
target  nucleic  acid  in  the  original  sample.  Several 
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studies  have  suggested  that  nucleic  acid  copy 
number  (“viral  load”)  may  be  a  marker  for  the 
severity  of  disease  or  may  help  predict  the  out¬ 
come,  although  it  remains  to  be  determined 
whether  this  is  true  for  all  herpesvirus  infections 
(Domingues  et  al,  1998). 

2.  Our  clinical  virology  laboratory’s  experience 

The  UCHSC  clinical  virology  laboratory  per¬ 
forms  CSF  PCR  for  herpesviruses  (herpes  simplex 
virus,  HSV;  Epstein-Barr  virus,  EBV;  cy¬ 
tomegalovirus,  CMV;  and  varicella  zoster  virus, 
VZV)  three  times  a  week,  which  makes  clinically 
useful  data  rapidly  available  for  the  management 
of  patients  with  presumed  diagnoses  of  her¬ 
pesvirus  encephalitis,  and  reduces  unnecessary 
therapeutic  interventions.  Upon  receipt  of  CSF 
specimens  are  stored  at  —  70  °C  in  30  pi  aliquots. 
DNA  is  extracted  from  each  aliquot  with  Insta- 
Grene  purification  matrix  (Boehringer  Mannheim, 
Mannheim,  Germany).  Amplification  is  carried 
out  in  50  pi  mixtures  containing  20  pi  of  extracted 
DNA,  1.25  U  of  Pful  (Stratagene  LaJolla,  Cali¬ 
fornia,  USA),  100  pM  of  each  four  deoxynu- 
cleoside  triphosphates,  and  1  pM  of  each  primer 
in  Pful  buffer  (Stratagene).  Samples  are  amplified 
in  duplicate  for  45  cycles.  Amplified  DNAs  are 
separated  according  to  molecidar  weight  using 
agarose  gel  electrophoresis  and  transferred  to  ny¬ 
lon  membranes.  The  identity  of  the  DNA  bands  is 
confirmed  by  hybridization  with  a  digoxigenin-la- 
beled  probe  (Boehringer  Mannheim),  followed  by 
an  anti-digoxigenin  antibody  conjugated  to  alka¬ 
line  phosphatase  and  CSPD®  chemiluminescent 
substrate  (Tropix,  Bedford,  MA,  USA).  Each  as¬ 
say  includes  a  negative  water  control  and  two 
positive  sensitivity  controls.  Tests  are  considered 
valid  if  controls  jdeld  the  expected  results  and  if 
patient  replicates  agree. 

Our  HSV  PCR  detects  ^  2  genomic  equivalents 
per  reaction.  Upon  review  of  2214  CSF  specimens 
received  at  ouf  institution  for  HSV  PCR  analysis 
between  1997  and  2001,  79  specimens  (3.6%) 
yielded  positive  results.  The  prevalence  of  other 
herpesviruses  based  on  the  review  of  all  her¬ 
pesvirus  PCRs  performed  at  our  institution  is  as 


follows:  EBV  7.4%  (39/528  samples  between  1995 
and  2001),  VZV  3.9%  (22/569  samples  between 
1998  and  2002),  and  CMV  2.3%  (11/483  samples 
between  1999  and  2002). 


3.  Use  of  PCR  for  the  diagnosis  of  specific  CNS 
herpesvirus  infections 

CSF  PCR  testing  has  played  a  critical  role  in 
establishing  the  frequency  and  distribution  of  her¬ 
pesvirus  infections  in  immxmocompetent  popula¬ 
tions.  Detection  of  HSV-1,  HSV-2,  CMV,  and 
VZV  DNA  correlates  strongly  with  specific  clini¬ 
cal  s5mdromes  of  encephalitis/myelitis  and  menin¬ 
gitis.  Occasional  immunocompetent  or 
immimocompromised  patients  have  more  than 
one  herpesvirus  detected  in  CSF  by  PCR,  and 
EBV  has  been  the  most  frequent  agent  associated 
with  a  dual  positive  result.  In  a  large  series  of  662 
patients,  mostly  immunocompetent,  detection  of 
hiunan  herpesviruses  (HHV)-6  and  EBV  by  CSF 
PCR  did  not  correlate  clinically  in  several  individ¬ 
uals  with  the  presence  of  a  CNS  infection  known 
to  be  caused  by  that  virus  (Studahl  et  al,  2000). 
Similarly,  in  a  large  study  of  immunocompro¬ 
mised  (HIV-infected)  individuals,  conducted  to 
assess  the  diagnostic  reliabihty  of  CSF  PCR  by 
comparison  with  biopsy  or  autopsy  diagnoses,  the 
most  frequent  false-positive  herpesvirus  detected 
was  HHV-6  (Cinque  et  al.,  1996).  Additional  large 
studies  are  necessary  to  determine  the  extent  of 
false-positive  PCR  results  for  herpesviruses,  espe¬ 
cially  with  regard  to  HHV-6  and  EBV  in  im¬ 
munocompromised  hosts. 

3.1.  HSV  -A 

3.1.1.  HSV-1 

Despite  the  high  prevalence  of  seropositivity  to 
HSV  in  the  general  population  and  the  fact  that 
the  virus  becomes  latent  in  dorsal  root  ganglia  of 
most  humans,  HSV  DNA  is  not  detected  in  CSF 
of  HSV-seropositive  individuals  who  are  neuro- 
logically  normal  or  who  have  other  types  of  non- 
HSV  CNS  infections  (Tyler,  1994).  The  sensitivity 
and  specificity  of  CSF  PCR  exceeds  95%  for  HSV 
encephalitis  (Lakeman  and  Whitley,  1995),  and  as 
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a  result,  CSF  PCR  has  replaced  brain  biopsy  as 
the  diagnostic  test  of  choice  for  HSV  encephalitis. 
The  high  sensitivity  and  specificity  of  CSF  PCR 
means  that  in  patients  with  a  low  pre-test  proba¬ 
bility  of  HSV  encephalitis  an  appropriately  per¬ 
formed  negative  test  essentially  excludes  the 
diagnosis.  Conversely,  in  patients  with  a  high 
pre-test  probability  of  HSV  encephalitis,  a  nega¬ 
tive  test,  although  dramatically  decreasing  the 
likelihood  of  HSV  encephalitis,  does  not  entirely 
exclude  it.  A  positive  CSF  PCR  for  HSV  in  the 
appropriate  clinical  setting  is  initially  diagnostic 
of  HSV  encephahtis  (Tebas  et  al.,  1998)  The  use 
of  HSV  CSF  PCR  has  also  led  to  the  identifica¬ 
tion  of  mild  or  atypical  forms  of  encephahtis  that 
were  formerly  attributed  to  other  viruses,  often  in 
the  absence  of  brain  biopsy  (Domingues  et  al., 
1997)  and  that  may  account  for  17%  of  total  cases 
of  HSV  encephalitis  (Fodor  et  al.,  1998).  CSF 
PCR  has  estabhshed  the  diagnosis  and  role  of 
HSV-1  in  brainstem  encephahtis  (Tyler  et  al., 
1995),  myehtis  (Studahl  et  d.,  2000),  multifocal  or 
diffuse  encephahtis  without  temporal  lobe  in¬ 
volvement  in  children  (Schlesinger  et  al.,  1995a), 
and  neonatal  encephahtis.  In  children,  symptoms 
of  HSV  encephahtis  may  recur  after  antiviral 
therapy.  These  “relapses”  have  been  attributed 
both  to  residual  active  infection  and  post-infec¬ 
tious  immune-mediated  processes.  CSF  PCR  may 
help  distinguish  between  these  possibihties  (Ito  et 
al.,  2000).  Quantitative  CSF  PCR  in  cases  of 
pediatric  HSV  encephahtis  is  currently  being  stud¬ 
ied  as  a  method  for  monitoring  response  to  antivi¬ 
ral  drugs  (Ando  et  al.,  1993). 

3.1.2.  HSV-2 

CSF  PCR  has  helped  chnicians  to  recognize 
that  HSV-2  may  cause  aseptic  meningitis  even  in 
the  absence  of  genital  herpetic  lesions  (Schlesinger 
et  al.,  1995b),  and  estabhshed  HSV-2  as  the  most 
common  cause  of  benign  recurrent  lympho(^ic 
meningitis,  including  many  cases  previously  diag¬ 
nosed  as  Moharet’s  meningitis  (Tedder  et  al., 
1994).  CSF  viral  cultures  are  typicaUy  negative 
during  recurrent  episodes  of  HSV-2  meningitis. 
However,  CSF  PCR  is  positive  in  patients  with 
recurrent  episodes  of  HSV-2  meningitis.  CSF 
PCR  has  iUustrated  that  immunocompetent  adults 


may  develop  HSV-2-induced  meningoencephahtis 
and  meningitis  (Studahl  et  al.,  2000),  as  well  as 
rare  cases  of  HSV-2  brainstem  encephahtis  and 
recurrent  thoracic  myehtis. 

3.2.  VZV 

CSF  PCR  for  VZV  has  considerably  broadened 
the  understanding  of  the  neurologic  complications 
due  to  VZV  infection.  VZV  infection  can  involve 
virtuaUy  every  part  of  the  central  and  peripheral 
nervous  system  (Kleinschmidt-DeMasters  and 
Gilden,  2001).  The  combination  of  serological 
studies  and  CSF  PCR  for  VZV  has  been  particu¬ 
larly  helpful  in  identifying  cases  of  VZV  CNS 
infections  without  associated  rash  {sine  herpete) 
(Bergstrom,  1996).  Since  the  virus  can  only  rarely 
be  cultured  from  CSF,  the  diagnosis  of  meningitis 
or  meningoencephahtis  previously  depended  on 
the  presence  of  a  characteristic  vesicular  erythe¬ 
matous  rash  before,  during,  or  after  CNS  infec¬ 
tion,  and  VZV-mediated  neurologic  diseases  were 
under-recognized.  CSF  PCR  for  VZV  has  shown 
that  aseptic  meningitis  and  brainstem  encephahtis 
due  to  this  virus  may  occur  in  immunocompetent 
hosts  (Haanpaa  et  al.,  1998;  Studahl  et  al.,  2000). 
In  HIV-infected  patients,  CSF  PCR  for  VZV 
DNA  may  have  utihty  in  monitoring  therapeutic 
response  and  in  predicting  the  outcome  of  VZV 
meningoencephahtis.  For  example,  in  a  series  of 
516  HIV-infected  patients,  PCR  became  negative 
in  patients  treated  with  antivirals  whose  chnical 
conditions  improved,  but  remained  positive  de^ 
spite  appropriate  therapy  in  several  patients  who 
subsequently  died  (Cinque  et  al.,  1997).  In  addi¬ 
tion,  patients  with  detectable  CSF  VZV  DNA, 
which  was  considered  an  indicator  of  subclinical 
reactivation  of  VZV  antecedent  to  clinical  disease, 
who  were  treated  with  antiviral  agents,  had  im¬ 
proved  outcome.  Monitoring  of  CSF  PCR  al¬ 
lowed  for  the  effective  use  of  prophylactic  therapy 
in  this  patient  population. 

PCR  on  both  CSF  and  fluid  from  auricular 
vesicles  has  confirmed  that  VZV  causes  Ramsay 
Hunt  syndrome,  the  second  most  common  cause 
of  seventh  nerve  facial  paralysis  after  Bell’s  palsy 
(Murakami  et  al.,  1998).  Ramsay  Hunt  s)midrome 
can  be  difficult  to  recognize  since  the  rash  is 
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hidden  in  the  ear  or  mouth,  and  the  rash  may  be 
delayed,  particularly  in  pediatric  patients.  PCR  on 
endoneurial  fluids  and  posterior  auricular  muscle 
samples  collected  during  decompressive  facial 
nerve  surgery  for  Bell’s  palsy  identified  HSV-1 
DNA  in  79%  of  patients  and  confirmed  that 
neither  EBV  or  VZV  is  an  important  cause  of 
idiopathic  Bell’s  palsy.  A  subsequent  study  using 
PCR  identified  a  subset  of  patients  with  acute 
peripheral  facial  palsy  that  has  zoster  sine  herpete 
(Furuta  et  al.,  2000).  VZV  was  responsible  for  a 
significant  percentage  of  the  total  number  of  cases 
of  facial  palsy  (29%),  and  an  even  higher  percent¬ 
age  of  reactivations  (88%)  in  HSV-seronegative 
patients.  Hence,  PCR  has  verified  a  role  for  her¬ 
pesviruses  in  both  of  the  common  causes  of  facial 
nerve  paralysis  and  has  distinguished  which  virus 
is  causative  in  clinically  confusing  cases. 

PCR  testing  on  fresh,  frozen,  or  archival-fixed 
and  paraffin-embedded  CNS  tissues  has  allowed 
the  detection  of  VZV  nucleic  acid,  even  from 
small  or  imperfectly  preserved  specimens.  Tissue 
PCR  of  cerebral  arteries  has  established  a  direct 
role  for  VZV  in  cases  of  large-vessel  and  small- 
vessel  vasculopathy  (Melanson  et  al.,  1996).  In  a 
patient  with  waxing  and  waning  VZV  vasculitis, 
the  detection  of  VZV  DNA  by  PCR  led  to  the 
discovery  that  VZV  antigen  was  also  present, 
indicating  a  productive  infection  in  blood  vessels 
as  the  cause  of  the  disease.  Brain  tissues  may  be 
positive  for  VZV  DNA  by  PCR  even  when  the 
virus  is  no  longer  detectable  by  other  methods, 
such  as  light  microscopy  for  viral  inclusions,  im- 
munohistochemistry,  or  in  situ  hybridization. 

3.3.  EBV 

CSF  PCR  testing  has  been  found  to  be  nearly 
100%  sensitive  as  a  tumor  marker  for  EBV-related 
CNS  l3nnphoma,  and  has  changed  the  way  in 
which  clinicians  diagnose  CNS  lymphoma  in  im¬ 
munocompromised  individuals  (Landgren  et  al., 
1994).  In  a  study  of  AIDS  patients  with  CNS 
mass  lesions,  a  positive  EBV  CSF  PCR  correctly 
identified  all  17  CNS  lymphoma  cases  and  was 
positive  in  only  one  of  68  AIDS  patients  with 
non-CNS  l5nnphoma  mass  lesions  (Cinque  et  al., 
1996).  CSF  PCR  for  EBV  is  also  positive  during 


the  acute  phase  of  the  illness  in  children  with 
infectious  mononucleosis  and  neurological  com¬ 
plications  such  as  transverse  myelitis,  meningoen¬ 
cephalitis,  and  aseptic  meningitis  (Weber  et  al., 
1996).  CSF  PCR  is  not  positive  in  EBV-seroposi- 
tive  individuals  in  the  absence  of  CNS  infection. 
However,  positive  EBV  PCR  may  be  seen  in 
patients  with  evidence  of  other  viral  or  non-viral 
CNS  infection,  raising  the  possibility  that  these 
infections  may  trigger  viral  reactivation.  Studies 
are  currently  in  progress  to  determine  whether 
quantitative  PCR  will  be  useful  for  distinguishing 
different  types  of  EBV  CNS  infections  or  for 
identifying  the  causative  agent  in  cases  in  which 
there  is  evidence  for  dual  infection  with  EBV  and 
another  pathogen  (Weinberg  et  al.,  in  press). 

3.4.  CMV 

CSF  PCR  is  a  useful  technique  for  detecting 
CMV  CNS  infections  in  immunodeficient  hosts, 
with  a  reported  sensitivity  of  82%  and  specificity 
of  99%  in  AIDS  patients  (Cinque  et  al.,  1995). 
The  clinical  utility  of  the  test  in  the  setting  of 
congenital  CMV  infection  is  being  investigated, 
particularly  with  respect  to  correlating  neurologic 
outcome  with  CSF  viral  load  (Whitley,  personal 
communication).  CMV  viral  load  has  also  been 
monitored  in  peripheral  blood  leukocytes  as  a 
method  to  predict  which  immunosuppressed  pa¬ 
tients  might  develop  end-organ  disease. 

3.5.  HHV-6,  HHV-7  and  HHV-8 

CSF  PCR  testing  has  corroborated  the  role  of 
HHV-6  in  febrile  seizures,  meningitis,  encephali¬ 
tis,  and  encephalopathy  in  immunocompetent  and 
immunocompromised  individuals  (Yoshikawa 
and  Asano,  2000).  HHV-6  genome  has  been 
demonstrated  in  CSF  from  up  to  57%  of  children 
younger  than  1  year  of  age  who  have  febrile 
seizures  and  has  ^so  been  seen  in  children  with 
recurrent  febrile  convulsions.  The  role  of  HHV-7 
in  neurological  disease  is  imclear,  although  the 
detection  of  HHV-7  DNA  in  CSF  and  serum  of 
children  with  exanthem  subitum  and  encephalon 
pathy  has  been  reported  (Torigoe  et  al.,  1996)i 
Encephalitis  in  immunocompromised  individuals 
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associated  with  HHV-8  has  been  described,  but 
this  awaits  additional  confirmation.  HHV-8  DNA 
has  been  detected  in  primary  CNS  lymphomas  in 
some  studies  but  not  others.  In  the  study  in  which 
HHV-8  was  detected,  the  virus  was  surmised  to 
play  an  indirect  role  in  the  development  of  pri¬ 
mary  CNS  lymphoma,  and  was  thought  be 
present  in  the  adjacent  non-neoplastic 
lymphocytes  but  not  the  lymphoma  cells  (Corboy 
et  al.,  1998). 

4.  Use  of  tissue  PCR  to  exclude  herpesvirus  as 
etiologic  agents  of  nervous  system  disease 

Given  the  protean  manifestations  of  her¬ 
pesvirus-mediated  infections  of  the  central  and 
peripheral  nervous  system,  efforts  have  been  made 
to  detect  these  viruses  by  PCR  on  tissues  from 
several  disease  entities  characterized  by  arteritis 
and/or  inflammation.  PCR  testing  of  various  tis¬ 
sue  specimens  has  made  it  unlikely  that  VZV 
plays  an  etiologic  role  in  giant  cell  arteritis  and 
has  provided  no  evidence  that  VZV,  CMV,  EBV, 
or  HSV  play  a  role  in  childhood  multifocal  en- 
cephalomalacia.  Negative  PCR  results  have  also 
made  it  unlikely  that  HSV  plays  a  causative  role 
in  Meniere’s  disease.  A  survey  of  a  variety  of 
peripheral  nerve  diseases,  including  inflammatory 
peripheral  neuropathies,  revealed  no  HSV  DNA 
by  PCR  in  peripheral  nerves,  making  it  unlikely 
that  HSV  plays  a  significant  role  in  these  disor¬ 
ders  (Kleinschmidt-DeMasters  et  al.,  2001). 

The  significance  of  the  detection  of  HSV  in 
CNS  tissues  is  imcertain.  HSV  viral  genome  was 
first  detected  in  human  brain  tissue  using  nucleic 
add  hybridization  techniques  in  1979  and  1981. 
Since  then,  PCR  has  confirmed  the  presence  of 
HSV  DNA  in  brainstem,  olfactory  bulbs  and 
limbic  areas  of  individuals  without  CNS  disease 
(Baringer  and  Pisani,  1994).  Since  HSV  has  never 
been  isolated  by  culture  from  normal  hiunan 
brain  tissue,  the  presence  of  the  viral  genome,  as 
detected  by  PCR,  is  of  uncertain  significance. 
Further  studies  are  needed  to  determine  whether 
the  entire  viral  genome  is  present,  and  if  so,  if  this 
represents  latent  virus  or  virus  potentially  capable 
of  reactivation.  Positive  PCR  results  may  instead 


represent  the  presence  of  random  viral  sequences 
or  fragments  of  virus  in  neurons  or  other  CNS 
cells.  Tissue  PCR  remains  a  research  technique 
that  requires  further  study  prior  to  its  potential 
use  as  a  clinical  diagnostic  method. 
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REGULATING  TBDE»jEOVlRUS-^ir®UCED^^OT 
PATHWAY OF  ATOTOSISINPJaMARVNi^ 

Sarah  Richj^oii-Bikns,  K^effi'L;TyteOepts/ofNeum^ 

rology/Medicine^MiwbiDlosfli^unQlo^l^  ; 

Sciences  Center,  jpenvCT,  CO;  ^  •  ; 

.  We  have  previQmly  show*  fliat  rwvirus  3  (T3P)-w^^ 
in  ihe  mouse  CNSi^i^'frdmapQptosisiandthat  die  ^entfal  featufes^o 
;  ^  ^em  aie  reheated  in  primary  mouse  neuronal  cultures  pdCC).  We 

.  now  show  ^t  Bid  ^  Biin,  ^wo.  members  bf  the  BH^-^y  HnWiatri 
.  .  contemihgpro.-apoptoric  BcL2  family,  play  a  critical  mK 
-  .  neuronal  ^optosis.  MCC  WMie  g^^ted  :torn.P0  Swiss-Webster  mice  . 
and  infected  with  T3D  .  We^have  previously  shoym  that  neuronal  apoptoMs 
involvesceUsuifecedeafe>eeeptois(I?R)andactivatioriofdieDR-asso-. 
crated  caspase§.  By  18  hpostrinfechonQji^Vj/e  detected  cleavage  of  Bid 
md  appearance  bfits  cabases  8-associated  cleavage  product  truhcated  B  id  ' 
in  immunobiots.  We  aiso^detected  a  substantial  increase  in  cellular  l^els  of 

.  Binx  Bm  is  regulated  feron^  .the  INK  cascade,  through  bpdi.mmeased 
egression,  and  pho^hbUrlatibn;  INK  is  activated  iir  reovirus-infected  ' 
MCC,  as  evidenced  by  the  .  appearance  of  the  phosphorylated  (active) 
forrn  of  the  INK-^epcndent  n^iiripto  ^ 

.ther  c^ase  8  activation  (with  IBTD),  bf  ^ya^ipAwithpharinaco- 

lOgic  inhibitors  or  by  adenovinis-mediated  transfection  of  ON-c^JUN, 
inhibited  reovirus-induced  ^^opltosis  in  MCC.  Both  Bid.  arid  Birh  act  by  ' 
fecihtating  rel^e  of prb-igjoptotic  proteins  from  the  rnitochondrial'inter-^^  ^ 
membrane  space  mte  ther^bsol.  We  detected  significant  release  ofSmac, 
butiiotofcytoclnonie  GorAIF,feiriimmioblots  ofsubcelhilarfractions  of 
reovirus-infected  MCC-.'Smac  induces  apoptosis  by  iiihibiting  cellular, 
inhibitor  of  apoptosis  proteins  (lAPs).  We  feund  sigruficant  degradation 
of  seye^  LAPsinbhidmg  XIAP  andrinvivinin.T3D  infectedMCC;  These 
.  dr^  suggest  that  fee  BH3-only  BcLifemily  proteins  Bid  and  Bjm  play  a. 
critical  role  in  the  reg^ation  of  Ihe  mitodhondriai  apOptotic  patiiway.  in 
.  i©ovirus-mfectedprim^neuroi^  •  • 


J 


■  W‘‘- 


Tto^KTINCT  PHASES  OF  VIRUS-INDUCED  NF-KAPPAB- 
EEGULATION  ENHANCE  TRAIL-INDUCED  APOPTOSIS  IN 
,  •  BflJECTEbCELLS^  ' 

Penny  Clarie,  Suzanne  M.  Meintzer,  and  Kenneth  L.  lyieir.  Departhient  ' 

-  of  Neurology,  thriveTsity  of  Colpradp  fiedlli  Sciences  C^ter,  Denveri 
..  Colorado  80262  _  ■  !  -  : 

Viruses  often  utilize  ceUuto  transac^oh  facfors  to  pronGOte  viral  growi^ 
and  influence  cell  fete.  We  have  pfreviopsly  shoim  thait  nuclear  fector  - 
IfeppaB  (OT-k  B)  is  activated- follotwg  fepvirus  infection  and  that  this  . 
activation;  is  required  for  virus-induced  apoj^sis.'  Vfe  how  identify  a 
tecondphase  of  leovirus-inducedNF-KB  regulation.  We  show  that  at  later . 
timesrpost  infection  NF-k  B  Activation  is  blocked  in  reovirus-infected 
cells.  This  results  in  the  termination  of  virus-induced  NFrKB  activity  and  -  . 
the  inhibition  of  tumor  necnosis  fector  (TN]^  alpha  and  etoposide-ihduced' 
OT-kBactivatibniniirfectedcells.Reoyiius-mducediifeibitiphofNFj-KB 
.  activation  occurs  by  a  medianisrh  tiiatprevents  de^datipn  of  IkBo  ,  the 
fytoplasrnicinhilhtpr  ofNF-KB.  Tfes  effect  requhres  viral  repUcation,  and'  - 
is  blocked  in  the  presence  Of  the  kual  RNA  s^thesis  irdtibitor  ribavirin.  In 
.  many  epithelial  cell  lines,  reovirus-in^ced  ^optdsis  is  mediated  by 
'  related£pbptosisinducmgligand(lRAIL).'Weahow^tribavitinihhib- 
fts  reovirus-ihduced  fpQptcsis  in  TRAIL-iesistant  HEK293  cells  and  pre¬ 
vents  Ihe.abilify  pf  repvirus  infection  to  serisitize  TRAIL-resistant  cells  to 
TRAlL-irKhiced  apoptosis.  FurthefjTRAIL-ihdiiced  apoptosis, is  aihanced  ; 
inHEOOS  cells  expressing  Ik  B5  N2,  an  iKB  super-repressor  tihat blocks 
.  NF-k  B  activatipn;  These  results  indicate  thatfee  ability  of  repviriis  to 
-inhibit  OT-k  B  activation  sensitizes  HEK293  cells  to  TRAIL  and  feclli- 
tates  virus-induced  apoptosis  in  TRAIL-resistant  cells.  Our  studies  show 
that  rep'nrus  infection  results  in  a  bimpdai  alteration  in  NF-k  B  regulation 
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jREOVmUS  NON-STRUCTUJRALP  SIGMAl  SMALLIS  a 

NOVEL  IWCLEGCYTOPiASMiCSlteTLlNGPROl^IN 
.  Cristen  G.  Hoyt  ‘ ;  George  J.  Pdg^oli  ^  ,  and  Kenneth  L  Tyler  _ 
Dqiaxtmdit  of IminittriologyVP'^^t^eiits  oTlde^cine;  \  Microbiology 

.  ?,  andNeurology;‘’atiJniversity  ofGolorado  HealthSciehces  Center  and 

Denver  VeferaoiS  Affairs  Medical  Center,  Denver,  Colorado  80220. 

.  .lie  reovi^  non-stiiact^  Sigriaa  1  small  plays  a  key  role  in 
•  virus-induced  of  cell  cycle  regulation  m  inf^ted  cells.  De- 

■  ^ite  this  fac^  little  is  knoWn  about  how  tins  protein  interacts  '\^hh  host 
cells  duiing  eldiernatiiral  infection  or  in  wfro  transfection.  Previous  inunu. 
n0(^cheini<^  and  iminunoprecipitation  stupes  suggested  fliat  sigtea  l 
.  sniiffl  (ct  Js)  could  be  detected  in  both  die  cytoplam  and  nucleus  of  in¬ 
fected  cells.  ExjuhinatiOn  of  the  g  is  anaino  acid  sequence  revealed  the 


we  created  . 


(GFP-^  Is-P^  and  tramfected  this  into  L929  cdls.  GPP-g  Is-PK  was 
present  in  the  nucleus  as  well  as  flie  cytoplasm.  A  control  fusion  protein 
la<^g  g  1  s  (GBP-PE)  ;was  exclusively  retained  in  the  cytoplasni:  Dele¬ 
tion  of  the  putative  NLS  from  the  GpP-g  Is-PK  fiisiOn  protein  abrogated  • . 

nuclear  localization.  The  pattern  of  cellular  fluorescence  seen  follosting 

transfection  witih  GFPrg  Is-PK  suggested  tiiat  Is  might  also  contato  a 

nuplw  e^ort  signal  (MBS).  A  putative  NES  Was  identified  in  the  g  1$ 

■  amino  acid  sequence  (^SMDLIRyLP**).  Deletion  of  this  putative  NES  ■ 

did  not  prevent  nuclwiocalization  of  the  fesion  protein,  but  dSd  abrogate 
its  subsequent  ejqjort  to.  bhe  cytopiasml  Similar  results  were  seen  when  ’ 
.cells  trainsfected  with  GFP-<y  Is-PK  were  treated .wdth  leptomycm  B,  an  i 
iiih&itor  of  CRM-l  mediated  nuclear  export.  Our  studies  demonstrate 
tiiat  g  Is  fimctions  as  a  niicleocytoplasmic  shutfling  . protein  containing 
.  discrete  nuclear  export  and  nudear  locaH^on  signals,  andutilizes  a  QRM- 
1  .depaadeint  nuclear  export  pathway.  This  is  the  first  demonstration  of  a 
shutfleprotein  in  the  feihily  reoviridae. 
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Identification  and  manipulation  of  neuronal  apoptotic  signaling  pathways  in 
reovirus-infected  neuronal  cell  cultures  and  in  a  murine  model  of  viral  encephalitis. 
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The  cellular  mechanisms  underl5dng  virus-induced  cell  death  in  the  central  nervous 
system  (CNS)  are  poorly  understood.  Reovirus  infection  is  a  classic  experimental  model 
system  for  studying  viral  encephalitis  and  virus-induced  neuronal  death.  Neurotropic 
reoviruses  infect  neurons  and  cause  lethal  encephalitis  in  neonatal  mice.  Neuronal  cell 
death  is  due  to  jqroptosis,  a  form  of  programmed  cell  death  characterized  by  distinct 
biochemical  and  morphologic  changes  that  are  executed  by  apoptosis-specific  proteases 
(caspases).  Following  intracerebral  infection  of  neonatal  mice  with  reovirus  T3  Dearing 
(T3D),  neuronal  cell  death  was  shown  to  be  due  to  apoptosis  as  established  by  criteria 
induing:  (1)  the  presence  of  characteristic  histopathologic  changes  in  neurons,  (2) 
positive  TUNEL  staining,  and  (3)  demonstration  of  the  presence  of  activated  caspase  3  in 
infected  cells.  In  order  to  better  understand  the  cellular  basis  for  reovirus-induced 
neuronal  apoptosis  we  investigated  this  process  in  primary  neuronal  cortical  and 
hippocampal  cultures  in  which  reovirus  infection  replicated  the  essential  features  seen  in 
mice.  These  studies  have  provided  a  comprehensive  picture  of  virus-induced  apoptotic 
signaling  in  neurons.  T3D  induces  apoptosis  in  neurons  by  triggering  death  receptor 
(DR)-mediated  apoptosis,  involving  the  Fas/FasL  system  as  well  as  other  TNFR 
superfamily  death  receptors.  DR-initiated  apoptotic  signaling  required  amplification  by 
activation  of  mitochondrial  death  signaling  for  maximal  activation  of  effector  caspases 
exemplified  by  caspase  3.  Crosstalk  between  DR  and  mitochondrial  apoptotic  pathways 
was  associated  with  DR  activation-induced  caspase  8-mediated  cleavage  of  the  pro- 
apoptotic  Bcl-2  family  protein  Bid.  Cleaved  Bid  translocated  to  the  mitochondria  along 
with  Bax  and  Bim,  two  other  pro-apoptotic  Bcl-2  family  proteins.  Convergaice  of 


cleaved  Bid,  Bax,  and  Bim  at  the  mitochondria  resulted  in  release  of  the  apoptogenic 
protein  Smac/DIABLO  from  the  mitochondria  into  the  cytosol.  Cytosolic  Smac  blocks 
inhibitor  of  apoptosis  (lAP)  family  proteins  relieving  lAP-mediated  negative  regulation 
of  caspases.  As  would  be  predicted  from  these  results,  T3D-induced  neuronal  apoptosis 
in  vitro  can  be  inhibited  by  blocking  activation  of  DRs,  specific  caspases  including 
caspase  8  and  caspase  3,  over-expression  of  anti-apoptotic  proteins  including  Bcl-2,  and 
by  inhibition  of  JNK/c-Jun  signaling.  Having  identified  the  mechanisms  of  reovirus- 
induced  neuronal  apoptosis  in  vitro  we  next  sought  to  determine  whether  these  pathways 
were  also  active  in  a  mouse  model  of  encephalitis,  and  whether  manipulation  of  apoptotic 
signaling  pathways  would  modify  the  pathogenesis  of  reovirus-induced  apoptosis.  The 
caspase  inhibitors  ZVAD-FMK  and  OPH-QVD,  and  the  neuroprotective  tetracycline 
derivative  minocycline,  inhibit  T3D-induced  apoptosis  and  injury  in  the  CNS  of  infected 
mice  and  prolong  survival.  These  studies  suggest  that  dmgs  or  other  agents  designed  to 
inhibit  vims-induced  neuronal  apoptosis  may  have  potential  as  therapeutic  agents  for 
treating  viral  CNS  infections. 


